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II. INTRODUCTION

The military requirements for electronic equipment have been steadily
increasing. This trend in demand for equipment having improved perform-
ance, decreased size, greater reliability and complexity of function is
continuing. For example, a typical destroyer in 1937 incorporated a
total of approximately 60 active vacuum tubes maintained by a single
technician. By 1944 a destroyer utilized 850 tubes. In 1952 this total
had increased to 3200 tubes, serviced by l1 technicians. The trend to
increased complexity will not change in the foreseeable future. As a re-
sult, electronic design problems are multiplying in severity. Production
mechanization and electronic cooling programs are among the current en-
deavors to obtain satisfactory economy and reliability. It is necessary
that these and associated problems be resolved in order to achieve ac-
ceptable electronic devices.

Reliability is of paramount importance. Reliability has been defined as
the ratio of the time the equipment is in usable operating condition to
the total time the equipment is required for use. In general, the re-
liability of current electronic equipment is poor. In fact, it has been
concluded tha t it would be economical to pay more than twice the present
cost for military electronic equipment if reliability could be improved
oy 50 per cent.

Miniaturization has led to ever increasing heat concentrations with the
necessity for adequate heat transfer within equiprnt. Effective heat
removal is of prime importance in obtaining satisfactory life, reliabil-
itý anu electronic performance. If the temperatures of electronic parts
oxc.cý.; u•.rtain values, malfunctioning and failures follow. Thus, the
•cicnc, of. heat transfer must be employed in electronic design.

In order to establish a firm foundation of knowledge, the initial phase
of this program was a national survey of the state of the art of heat
Lransfer in electronic equipment. The findings of this effort are pre-
sented in Cornell Aeronautical Laboratory Report No. HF-710-D-10. It
was foutid that the electronic circuit design of most military electronic
equipment has been excellent. Unfortunately, the mechanical and thermal
designs have not been as satisfactory. Acceptable reliability can only
be achieved if the electronic, thermal and mechanical designs are all
well executed. Thus, the thermal design is equally as important as the
circuit design. An investment of effort on the thermal design will re-
turn good interest in terms of improved reliability.

This Manual has been prepared to assist the electronic engineer in the
thermal design of miniaturized equipment. In effect, this Manual sorts
and places the known electronic cooling design information together be-
tween two covers in a brief, predigested form for use by electronic en-
gineers. It has been deliberately written at an appropriate technical
level so that engineers without heat transfer backgrounds can design ac-
ceptable equipment. Therefore, this Manual outlines thermal parameters
which, it is believed, will temper the designer's judgment and lead to



the best practical solution. Design fornulae contained herein are
usually simplified approximations. Frequently, qualitative, rather
than quantitative, information is presented. When specific recommenda-
tions are given, care must be taken in adopting such recommendations so
that they do not conflict with the requirements of the contracting ac-
tivity.

Two groups of recommendations are incorporated herein. The first ser-
ies are based upon the concept that improved reliability can be achieved
with existing equipment provided it can be modified for better cooling.
For this reason, several sections of the discussion are devoted to im-
provement of present equipmentb. The second group of recommendations
are for the new equipment designers. These data are not only for those
designing equipment of the future, but for those now designing equipment
compromised by the temperature limited present day parts.

This Manual emphasizes ground-based and shipboard electronic equipment.
No consideration has been given to non-steady state heat transfer or op-
eration at environmental air pressures significantly less than one atmos-
phere. The Ohio State University Research Foundation has prepared a ser-
ies of reports related to transients and more detailed analysis of these
phases of the problem. Further, for the purposes of the Manual, it has
been assumed that unitized construction will be generally used, the equip-
ment being composed of subassemblies and assemblies.

The thermal design of electronic gear is a relatively new science. In
general, due to the current limited knowledge, only reasonable design
approximations can be made. Much remains to be accomplished in this re-
latively new field. There is a need for the standardization of cooling
means and systems. Also, widely accepted standard heat transfer liquids
should be developed. If the operating temperatures of electronic parts
can be increased, some of the current thermal problems will be allevia-
ted. Further, present methods of temperature rating should be improved.
The use of thermal environment or surface temperature rating, in lieu of
ambient temperature rating, will aid in this matter. In adaition, tech-
niques should be developed to obtain an analytical method of determining
the rating and limits of each equipment type under given environmental
conditions.

We wish to acknowledge the excellent cooperation we have received during
this program from government agencies, universities and industries.
References of souroe material are listed in the bibliography, together
with reference numbers at pertinent locations in the discussion. The
terminology used herein is presented in Cornell Aeronautical Laboratory
Report No. HF-845-D-2. Symbols are incorporated in Appendix A.

3
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Work on heat transfer in electronic equipment is continuing at this
Laboratory. Future publications will supplement this Manual. Appendix
B consists of a summary of reports already written and also planned under
this program. Detailed information in these matters can be obtained from
Mr. James W. Brash, Code 818C, Bureau of Ships, Washington 25, D.C.
Comments are solicited.

This Manual is not to be construed as an endorsement of any commercial
products mentioned.

I Ii&.



IIl. BASIC DESIC5 CONCEPTS

A. FUNDAMENTAL PRINCIPLES AND THEIR APPLICATION TO ELECTRONIC HEAT FEMOVAL

Electronic equipment must incorporate means for adequate heat rejection
in order to provide reliable performance at thermal equilibrium. This
will be necessary until the efficiency of electronic equipment becomes
of high order. As long as power is dissipated it will be rejected in the
form of heat. The purpose of any electronic cooling system is to provide
a low resistance thermal path to a heat sink to absorb this waste heat.
When used in conjunction with a heat sink at a reasonably low temperature,
such a system will reduce the temperature rise of electronic parts and
equipment.

There are several important factors which must be thoroughly understood
prior to the initiation of the design of any electronic equipment.

1. Temperature difference controls the rate of heat transfer in any given
configuration.

2. At thermal equilibrium a heat balance is always maintained. The natu-
ral law of the conservation of energy applies and all of the heat
generated will be rejected, if necessary, by means of high temperature
gradients.

3 In order to define the thermal parameters, the electronic engineer
must first determine temperature and rate of heat production. The
dissipated power can usually be measured. Even though temperature
measurement is not as easy, the determination of temperature is neces-
sary, since it is the only other measurable quantity in the thermal
circuit. Further, temperature is a measure of the quality of the
thermal design.

4. The electronic designer, in determining his heat transfer system, must
first select the most simple and economical cooling system applicable
to the proposed design, environment and specifications. Many factors
must be considered: space, economy, power to operate the cooling system,
the temperature limitations of the electronic parts, the circuit con-
figuration, the thermal environment, the heat concentration and the ul-
timate sink. A satisfactory thermal design should start on the draft-
ing board simultaneously with the electrical and mechanical design ac-
tivit ies.

5. The thermal design must be such that the electronic performance is
not significantly affected. In certain instances the optimum cooling
technique may not be consistent with electronic performance. When
this situation arises, it is recommended that alternate cooling means
or circuit designs be utilized. Compromise designs are more often
the rule than the exception.



6. Heat transfer design inherently includes reasonably wide toler-
ances. Due to the nature of heat transfer, a high degree of de-
sign accuracy can seldom be achieved. However, this does not
impede the design of a practical cooling system. Once the type
of cooling system has been tentatively selected, the thermal
analysis must be made. The thermal circuit should be approximated
as closely as possible to permit mathematical analysis.

6
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B. APPROACHE TO THE THERMAL DESIGN OF ELECTRONIC EQUIPENT

There are two basic approaches to the design of electronic equipment with
satisfactory thermal performance:

1. The "brute force" method, wherein high temperature electronic parts
are used to permit operation without special cooling means, can be
used to provide heat rejection through the operation of parts at high
temperatures. When used at low ambient temperatures to alleviate the
effects of excessive hot spots, this approach is inherently ineffi-
cient and expensive. High temperature electronic parts should only
be used for operation in environments with high ambient temperatures
and in conjunction with an adequate heat removal means. The utiliza-
tion of high temperature parts is not recommended as a remedy for the
deficiencies of an inferior heat removal system.

2. The controlled heat removal method should be used in all Military
electronic equipment. This approach embodies the most effective
methods of heat transfer and includes special techniques. It re-
quires the application of careful design of the entire thermal system
and the establishment of low temperature gradients to protect temper-
ature sensitive parts and circuits. Of prime importance is the ne-
cessity of directing the heat from the sources along specified paths
to a low temperature sink so that the heat is not indiscriminately
scattered and transferred into adjacent electroric parts. The magni-
tude and location of heat flow must be controlled. For these reasons,
certain heat removal methods which will cool heat sources and transfer
their heat into other parts are considered undesirable.

C. METHDS OF THERMALLY RATING ELECTRONIC EQUIPMENT AND PARTS

In general, electronic parts are individually rated for certain perform-
ance at specified ambient temperatures. Ambient temperature rating is
rapidly becoming obsolete because it is indeterminate. Almost every
organization has a slightly different definition and interpretation of
ambient rating. Such rating is, in some respects, almost worthless,
and thermal performance "loopholes" are provided through its use. Not

only should individual part rating be considered, but also the group
characteristics must be assayed in order to avoid shifts in values or
outright failure. The thermal interaction due to mutual heating and
cooling can cause greatly increased temperatures over those obtained with
solitary parts.

Ambient temperature is only the temperature of the medium surrounding an
object. This does not define the true thermal situation as it may exist
around an electronic part. ,fith densely packaged equipment, the local
air temperature is not directly related to the heat radiation or conduc-
tion effects from nearby heat sources. These effects are frequently
significant and can lead to the overheating of parts even though the
ambient rating is not exceeded. Ambient temperature rating sufficed
for the conventional World War II type of equipment, since widely sep-
arated heat sources were operated at relatively low temperatures.

7



The primary function of any method of part rating is to determine the
thermal state of the internal functioning elements. The limiting tem-
peratures are those which the constituents can withstand before they
oxidize, melt, decompose or change value. Unfortunately, internal
temperatures are usually difficult to measure. Therefore, the best
practical indication of the thermal index of the inside of an electronic
part is its surface temperature or the change in value of a readily
measurable electrical parameter. Neither of these characteristics are
necessarily related to the temperature of the surrounding air.

Like electronic parts, most electronic equipment is usually rated in
terms of ambient temperature. Military specifications also incorporate
ambient ratings. It is believed that military specifications and equip-
ment ratings should be modified to incorporate thermal environment rat-
ings which can provide the equipment designer and user with definite
thermal parameters. The thermal environment can be defined as the con-
dition of (1) fluid type, temperature, pressure and velocity; (2) sur-
face temperatures, configurations and emissivities and (3) all conductive
thermal paths surrounding an electronic device. The ambient temperature
is only the fluid temperature surrounding an electronic device. It is
one of the factors contributing to the thermal environment.

Military specifications for electronic equipment should provide and de-
fine facilities for the removal of the dissipated heat at the installa-
tion location. The thermal situation should be described both before
and after the installation of the equipment.

The electronic equipment manufacturers should furnish the user with
the heat dissipation rate of each unit of equipment, the cooling re-
quirements, the maximum temperature of the equipment at specified lo-
cations which are indicative of the thermal situation and, if a coolant
is used, other pertinent information such as pressure drop and tempera-
ture gradients.



IV. INTRODUCTION TO HEAT TRWNSFER

j A. GENERAL

This section is a brief review of the modes and basic laws of heat
transfer. Its purpose is to serve only as an introduction to re-
acquaint the electronic engineer with the basic principles involved.

Heat or thermal energy is transferred from one region to another by
virtue of temperature difference. The two fundamental axioms are
that heat flows only from a high temperature region to one of lower
temperature, and that the heat emitted by the high temperature region
must be exactly equal to that absorbed by the low temperature region.

When heat is transferred at a steady rate and the temperature at
anr given point is constant, the steady state is said to exist. On
the other hand, if the heat flow is a function of time, the flow is
said to be in the unsteady state. An example of the latter is the
warm-up period of an electronic assembly. This Manual does not con-
sider such transient conditions but only those occurring after thermal
equilibrium has been reached.

I• general, there are three modes or methods of heat transfers con-
duction, convection and radiation. They may occur singly or simul-
taneously. While evaporation and condensation may be classified
under convection, they are usually considered separately since
mass transfer, as well as heat transfer, occurs.

B. CONDUCTION

Heat conduction is considered to be caused through molecular oscil-
lations in solids and elastic impact in liquids and gases. The
basic law of heat conduction in the steady state and in its most
simple form (heat transfer through a wall) is:

q = kA At (1)
L

where:

q is the rate of heat transfer

k is the thermal conductivity of the material

A is the cross-sectional area perpendicular to the direction
of heat flow

L is the length of heat flow path

Akt is the temperature difference causing the heat flow

9



Heat flow is analogous tow. Rewriting equation (1) as:
At\

it can be seen that q is analogous to I , At to E , and L/kA to R.

The thermal conductivity k is the quantity of heat which will flow
across unit area in unit time when the length of heat path is unity
and the temperature gradient across this path is unity. Its numeri-

cal value depends on the material,being high for metals and low for
insulators. For example, the thermal conductivity of copper is
over 300 times that of glass.

C. CCNVECTICN

The process of heat transfer from the surface of a solid to moving
masses of fluids, either gaseous or liquid, is known as convection.
This mode of heat transfer is brought about mainly t~eough circula-

tion of the fluid. For example, the surface of a warm object situ-
ated in still air at a lower temperature heats the air adjacent to
the surface. The heated air becomes less dense as its temperature
increases and induces convection currents. When the circulation is
caused only by differences in density, the process is called natural
or free convection. Circulation may be forced mechanically by
blowers, pumps, etc., in which case the heat transfer is called
forced convection.

The mechanism of convection may be explained by considering a cool
stream of air flowing past a heated surface. Immediately adjacent
to the surface there exists a film of air varying in velocity from
zero at the surface to the velocity of the main stream at its outer
side. This film offers a resistance to heat flow and is influenced
by the nature of the flow. In free convection the film is usually
in laminar or streamline motion and relatively thick, causing high
resistance to heat flow. However, in forced convection, the higher
velocity tends to decrease the thickness of this film improving the
heat transfer. In laminar flow the film moves in streamline motion,
while in turbulent flow, two not sharply defined layers are believed
to exist, the inner in streamline and the outer in turbulent motion.
Heat is believed to pass through the streamline layer mainly by con-
duction and through the turbulent layer by mixing and diffusion with
the fluid in the main stream.

The basic equation for convection is

q - hcA t (3)

10



where:
q is the heat transfer rate

hc is a convection coefficient of heat transfer

A is the surface area

At is the temperature difference between the surface and the
main fluid stream

The value of h. is influenced by many factors including not only
the properties of the fluid such as viscosity, density, etc., but
the flow conditions and surface characteristics as well. The re-
sistance concept may also be applied to convection in which case
the term l/Ahc is the thermal resistance.

D. EVAPORATION AND CONDENSATION

Evaporation and condensation are characterized by a change of state
involving a liquid evaporating to the vapor state and a vapor con-
densing to the liquid state, respectively. The basic equation for
these processes is the same as that for convection.

Evaporation is a general term used whenever molecules leave the
surface of a liquid changing to the vapor state. The amount of
heat necessary to evaporate a unit mass of a liquid to a vapor is
called the heat of vaporization. The process may occur with or
without boiling. For example, water will evaporate into air by
diffusion if the vapor pressure of the water is greater than the
partial pressure of the water vapor in the air. Evaporation can
be speeded up by heating the water. If the temperature is in-
creased until the vapor pressure of the water equals the ambient
atmospheric pressure, boiling will take place. Evaporation usually
involves high rates of heat transfer and the coefficients may be as
much as 200 times that for air in forced convection.

Condensation occurs when a vapor condenses to a liquid on a cooler
surface. Here the heat of vaporization is now released. Like
vaporization, high rates of heat transfer are usually associated
with condensation.

E. RADIATION

Bodies under thermal agitation induced by temperature emit thermal
radiation in the form of electromagnetic waves ranging in wave
length from the long infrared to the short ultraviolet. Radiation
emitted from a body can travel undiminished through a vacuum or
through gases with relatively little absorption. When radiation
is intercepted by a second body, part may be absorbed as thermal
energy, part may be reflected from the surface, and part may be
transmitted still in electromagnetic wave form through the body
as in the case of glass.

11
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Consider a body in space receiving radiant energy from some source.
If all the incident radiation is absorbed with zero energy being
reflected or transmitted, it is a perfect absorber and called a
"blackbody". There are no perfect absorbers in nature although some
bodies come very close to exhibiting blackbody characteristics. The
ratio of the amount of energy absorbed by an actual body to that by a
thermal "blackbody" is called the "absorptivity". In the absence of
conduction and convection, a body at thermal equilibrium which re-
ceives radiation must necessarily emit radiant energy equal to that
absorbed. Hence a body which is a good receiver or absorber is a
good radiator or emitter. The ratio of the amount of radiant energy
emitted by an actual body to that emitted by the ideal blackbody is
called the "emissivity" and is numerically equal to the absorptivity.
Its numerical value is always less than unity. The emissivity of
polished copper, for example, is 0.023, whereas that of oxidized
cast iron may be as high as 0.95.

The basic equation for the radiation from a blackbody is:

qb= AT ()

whe re:

q is the rate of energy emitted by a blackbody

a is the Stephan-Boltzmann constant

A is the surface area

T is the absolute Temperature

For actual bodies, equation (4) must be modified for departure from
ideal blackness and, since the net exchange of radiant energy be-
tween two bodies is usually required, it must be modified depending
on the geometry of the system. The general equation for the net
rate of exchange of radiant heat between two non-black bodies is:

qr = Fe Fa A0(TIfr T2 4) (5)
where:

Fe is an emissivity factor to allow for departure from black
body conditions

F is a configuration factor based on the geometry of the
system (not all of the radiation emitted by a body maybe intercepted by the second body)

T1 and T2 are the temperatures of the hot and cold bodies
respectively.

12



The net radiation between two bodies is thus proportional to the
difference in the fourth powers of the absolute temperatures,
whereas conduction and convection in general are proportional
to the difference in the first powers of the temperatures.

F. COMBINED MODES OF HEAT TRANSFER

Convection and radiation may occur simultaneously to provide
parallel heat flow paths. The resistance concept may be ap-
plied to radiation by considering a fictitious radiation coef-
ficient, hr, such that the convection and radiation coefficients
are additive when a surface loses heat by both modes.

The radiation coefficient is defined as:

hr qr (6)

where at is the difference in surface and air temperatures.

Thus, the total heat transferred from a surface is:

q q + qa(h+1
total convection radiation h r) A at

(7)

An electronic box situated in a lower temperature environment
might lose heat by both convection and radiation from its
outer surfaces.

G RESISTANCE CNCEPT FOR HEAT FLOW THROUGH A WALL

Consider a wall as in Fig. 1 on one side of which is air at a
higher temperature than the air on the opposite side.

7r;A-IR OROO P CA RDOSS 77 4- R & fV~

,AVO7 .V C 00 j/_I 746M,0

Fig. 1. Temperature Gradient Through A Wall
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Neglecting radiation in this simple example, Fig. 1 shows the temp-
erature gradient from the warm air to the cool air. Heat is trans-
ferred by convection across the air film, then by conduction across
the wall, and finally by convection to the cooler air. Since this
is a thermal series circuit involving three resistances, the equation
for the heat flow would be:

&t total total
q L (8)

where:

t t is the difference between the warm and cool air
tntal temperatures, and

h and h ' are the convection coefficients of the warm and
c c cool air films respectively.

Each term in the denominator of equation (8) represents a thermal
resistance analogous to the resistances in a simple series elec-
trical circuit. This analogy is shown in Fig. 2.

APES IS. 0 C/E rO /'-SIs. OUE IVS/I5. DOUE T

V• A.1 , -/RYL/1 I7"o WwL L COOl- 'Q/ ./LA

CONSTv'VT•/' CL4Q£/ET- G£,v-e',•7aR

Fig. 2. Electrical Circuit Analogy for
Heat Flow Through a Wall.

The temperature drop or gradient across each resistance is pro-
portional to the resistance. Thus, the temperature drop across
the wall, for example, is:

L

lh

At:¥al = • - (ttaI (9)
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H. THE ULTIMATE SINK

Unlike the closed electrical circuit, the thermal circuit is an
open one. The heat generated in a vacuum tube, for example, is
transferred by various modes through various channels and ulti-
mately reaches a heat sink. The cooling process is simply one
of transporting thermal energy from a heat source to a heat sink
at a lower temperature. The design problem is to provide a thermal
path of low resistance and a low temperature sink so that the tem-
perature of the heat sources (vacuum tubes, etc.) will not be ex-
cessive. Further, non-heat producing sources critical to tempera-
ture mast be protected froL, overheating.

In the final analysis the ultimate sink is the earth's atmosphere,
large bodies of water, or the earth itself. However, from the
practical view, the electronic designer may have available inter-
mediate sinks such as cooled air which must transport the heat
from the electronic assembly to the ultimate sink. In steady-state
heat transfer, it is erroneous to consider the chassis of a con-
ventional electronic assembly as a heat sink because the chassis
has finite heat capacity and heat must be removed from it at the
same rate as that entering.

J. RELATIVE MAGNITUDES OF HE&T TRANSFER PROCESSES

In order to develop some conc of the relative magnitude of
various heat transfer processes, Table I is presented. The values
listed are representative only and may vary with conditions. Com-
parison is made on the basis of conductance which is the heat
transfer rate per unit area per degree temperature difference.
In free convection from the vertical plate, for example, the con-
ductance is reported per degree difference in plate and air tem-
peratures.

15



TUBLZ I

Representative Magnitude of Heat Transfer Processes

Btu Watts
(hr.)(sq.ft.)(OF) (sq.in.) (oc)

Conduction through copper 0.1 in. 26160. 95.20
thick.

Conduction through pyrex glass 87.36 0.322
0.1 in. thick

Conduction through cork board 0.1 3.0 0.011
in. thick

Free convection from 6 in. high ver- 0.96 0.00348
tical plate at 1200 C; air at 80 0 C.

Forced convection, air over 6 in. 2.84 o.0104
plate at 8 ft./sec., mean temp.
air and plate of 100OC.

Forced convection 400C water flowing ih20. 5.19
at 5 ft./sec. in a 2 in. dia. pipe

Water boiling on a flat plate at 2000. 7.30
atmospheric pressure

Steam condensing on a flat plate at 1000. 3.65
atmospheric pressure

Radiation between two black bodies 1.72 0.0063
at 1000 C and 50 0 C

Radiation between two black bodies 7.81 0.0287
at 5000C and 50°C

16



V. NATURAL METHODS CF HEAT REMOVAL

SA. GENERkL

Free convection, conduction and radiation are the most common means of
heat rejection within and from *electronic equipment. Natural methods
can be defined as those wherein heat transfer occurs without addition-
al energy being supplied to accelerate the process. The majority of
electronic equipment and parts have been designed for natural cooling
in a free air environment at atmospheric pressure.

Natural methods are frequently the only practical means of removing
heat from within miniaturized subassemblies. Hermetic sealing and the
dense packaging of parts may prevent the utilization of, for example,
forced air for internal cooling. Liquid cooling by natural means is
not included in the discussion in this section.. Although conduction
and free convection are involved in liquid-potted equipments, it is
deemed advisable to treat liquid cooling separately. Considerable em-
phasis is placed in this section on the cooling of vacuum tubes, be-
cause tubes produce from 70 to 85 per cent of the total waste heat of
a typical equipment. Some space is devoted to other heat sources, such
as resistors and reactors.

B. THEORY

1. Heat Transfer by Metallic Conduction

a. Gene ral

Since metals possess a low resistance to the passage of thermal
energy, heat conduction in metalo is one of the most effective
modes of heat transfer. In general, it may be stated that those
metals which possess low electrical resistance also possess low
thermal resistance.

The basic law of heat conduction in the steady state, known as
Fourier's law is

qd R t (10)

whe re :
k is the thermal conductivity
A is the cross-sectional area perpendicular to the di-

rection of heat flow
Lt is the rate of change of temperature with respect to
dx the distance in the direction of heat flow

The winus sign is present since dt is negative

If q is measured in watts, area in square inches, length in in-
ches, and temperature in degrees C, k will have the units of
watts/(sq-in.)(°C)/in. In the British system of units, using
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the Btu, foot, pound, OF and hour, k has the units of Btu/(hr.)
(sq.ft.)(°F)/ft. While k varies with temperature, the vari-
ation for metals over the rmnge of temperature of interest in
electronic cooling problems is not great. Table 15 in Appendix
C presents the thermal conductivity values for various materials
and also gives the comparison with yellow brass on a weight
basis.

b. Conduction through a Single Plane Wall or Bar Insulated on the
Sides

WR'e Al A•' /-//` 7"7-5i.

.Ae wr orzo w i

I ý COL.D FLUID 7rEMP

Fig. 3 Conduction through a Single Plane Wall

Figure 3 shows a plane wall, one side of which is at tempera-
ture t,3 which is higher than that of the other side, t 2 . The
wall is of a homogenous material with a constant thermal con-
ductivity, k. The wall is considered to be very large so that
there are no end effects, i.e., the heat flows only perpendicu-
lar to the face of the wall (unidirectional heat flow). The
equation for the heat flow in this case is:

Ak (t 1 - t 2 ) (11)
q 

L

It is usual to consider k as independent of temperature. How-
ever, if k varies, a mean value of k between the temperatures
should be used. It is important to note that t, and t 2 are the
temperatures of the wall surfaces and not the temperatures of
the liquids or gases which may be on either side of the wall.
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SExample 1. Conduction through a Bar Insulated on the Sides:

iSOC.C

Fig. 4J Conduction through a Bar

Figure 4 shows, a soft steel bar 3/8" diam., 4" long, one end
of which is maintained at 1500C and the other at 1000 C. The
sides of the bIr are perfectly insulated so that heat flows
only in the direction parallel to its axis. Problem: Deter-
mine the rate of heat flow through the bar.

Solution;

k = 1.18 watts/(sq.in.)(°C)/in.

A - 1/4 Tr (3/8)2 = O.110 sq. in.

Substituting in equation (11):

q 0 O.110 x 1.18 (150 - 100) = 1.62 watts
4

Note that the foregoing example is ideal in that the sides
are assumed to be perfectly insulated. This situation is ap-
proximated in the case of a wall which is relatively large
compared with its thickness. The more general case is that
of a bar whose sides are not insulated. In this instance,
both radiation and convection may cause heat to flow from the
sides of the bar so that the solution becomes more complex.

c. Conduction through Cylinders and Spheres

The only other shapes which lend themselves to simple conduc-
tion calculation are the cylinder and sphere. Almost all other
shapes require complicated mathematical solutions or must be
solved by graphical or numerical approximations.

Fig. 5 Conduction through a Cylinder
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Figure 5 shows a cross-section of a hollow cylinder or pipe
of inner radius rI and outer radius of r 2  The inner and
outer surface temperatures are maintained at t and t res-
pectively. If t, is greater than t , heat will flow in the
outward direction. It is assumed tXat the ratio of length
to diameter is large so that end effects are negligible.
The equation for the heat flow rate from the inner to outer
surface per inch length of cylinder is:

q = 217k (t 1 - t2 ) 2.72k (t- t)
1______ 2 1 2 watts/in.length (12)

ro2) loglo r(2) of cylinder

ihere q2is in witts, t in C, dimensions in inches, and k inwatts/(q~i. ('JC)/in.

If the Btu-foot-pound-hour-°F system of units is used, then q
is the heat transfer rate in Btu/hr. per foot length of cylinder.

In the case of a hollow sphere of inner and outer radii of rI and
r 2 respectively with corresponding surface temperatures of tI and
t2, the total heat conducted to the outer surface is given by

4gYk rl r2 (tI - t 2 ) (13)

r 2 - rI

d. Conduction through Composite Walls

XX 0W -cCO

(D (il,

Fig. 6 -a Fig. 6-b

Conduction through Composite Walls

Fig. 6-a shows a composite wall or bar insulated on the ends
and made up of three different materials. It is assumed that
the materials make perfect contact at the joints, a condition
which is difficult to attain unless the materials are metals
and bonded to each other by solder or other such means. Perfect
contact at the joints eliminates the high resistance to heat
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transfer caused uy any surface roughness with accumuanyin6 air
films between the joints. The equation for the heat flow is:

S(tI - t4)

L1 L2 '3

k1 k2 k3

Each term in the denominator is a resistance to heat transfer
and, since this is a series thermal circuit, the resistances
are additive. The temperature gradient across each material
is proportional to its thermal resistance. For example, the
temperature drop for the second material is:

L
2

S2 -3 = L L L (tl-tb) (25)

In cases where the materials are not actually bonded together,
the thermal resistance at each joint should be considered.
Fig. 6-b shows a composite wall or bar of three materials with
imperfect thermal joints, having resistance at each joint.
Since there is an abrupt temperature drop at each joint, there
are five thermal resistances: one for each material and one for
each contact or joint. The equation for the heat flow is:

A(t - t4)
q -(16)

L L L
' +1 110 '-3

kI k 2 k 3

where:

b r and R2-3 are the thermal contact resistances offered
by the rirst and second joint respectively. This contact resis-
tance is complex because of the nature of the variables affect-
ing it, such as the surface finish or roughness, the flatness of
the contacting surfaces, the pressure hol~ing adjacent materials
together, and the materials used. It appears reasonable to ne-
glect contact resistance where two surfaces are weldea, solbered,
or brazed together so that the contact is practically perfect.
On the other hand, if two surfaces are not so bonded, the trermal
contact resistance should be estimated by reference to the avail-

able published information. This information (see references 1
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and 2 in Bibliography Appendix D) presents the contact resis-
tance in terms of an equivalent coefficient of heat transfer,
heontact with units of watts/(sq.in.)(°G) or Btu./(hr.)(sq.ft.)
(a'l. Thus the contact resistance R is expressed by:

1
R ah (17)

hcontact

e. Notes on Contact Resistance

The contact iesistance investigation results of reference (1)
are reproduced in Fig. 7, in which contact resistance is cor-
related as a function of contact pressure using various steel
surfaces. The surface roughness is indicated by the RIM in-
dex value which is the root-mean-square value of the heights
and depths of the minute hills and valleys which form a mach-
ined surface. Thus, a lapped surface with an RF of 4 (4 mil-
lionths of an inch) would constitute an extremely smooth
surface.

Figure 7 shows a wide variation in contact resistance, especially
at the lower contact pressures. It is of interest to convert the
contact resistance into an equivalent length of material whose re-
sistance due to pure conduction would be the same. For example,
a contact resistance of 1.0C/watts/sq.in. is equivalent to
1.0/1.18 = 0.85 additional inches of steel in pure conduction.
The 1.18 figure is the k value for mild steel in watts/(sq.in.)
( 0 c)/in. Hence, a relatively rough surface contact may easily
result in a higher thermal resistance than the metal itself. Re-
ference (1) indicated that aluminum foil placed in the joint de-
creases the thermal resistance.

Reference (2) lists considerable experimental data for joints of
various materials. Two levels of roughness were used; 10 RMS
was considered as smooth, and 50 to 100 as rough. The surfaces
were clean and flat to t 0.0001 in. Figures 8 and 9 correlate
contact resistance for these different joints with pressure.
Note that the contact resistance of the aluminum joint decreases
more rapidly with pressure than for the steel joint. Table (2)
summarizes the contact resistance of the various joints, all
tested at 10 psi. The last column gives the resistance of the
joints when filled with oil. These general conclusions follow:

(1) The thermal resistance of dry joints decreases linearly
with pressure for steel. The thermal resistance of dry
joints decreases exponenti:.lly vrith pressure for bronze
and aluminum.

(2) The thermal resistance of both dry and oil-filled joints
decreases with a decrease in roughness.
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TABLE 2

Comparison of Thermal Conductance Measurements at 10 psi

Thermal Conducta&ce
Joints Surface Roughness Rk6, Microinches BTU/(hr)(sq.ft)( F)

Surface Surface iean 3000 F 5OO°F 300'F
#1 #2 Dry Dry Oil

Steel Smooth vs. Smooth 3 3 3 2200 3600 -
Rough vs. Rough 70 85 78 400 800 1350

*

No.1 Alum. Smooth vs.Smooth 16 17 16 1800 3500 -
Rough vs. Rough 60 60 60 1300 1500 2000

No.2 xlum. Smooth vs.Smooth 15 10 13 1900 2500 -
Rough vs. Rough 20 50 50 500 650 1600

Bronze Rough vs. Rough 70 80 75 800 1200 1200

No.1 Alum. Smooth vs .Smooth 15 90 66 800 - 1600
Steel Surface

Thermal Conductivity of oil, kx 271 to 398 x 10-6 cal./(cm) 2 (sec.)(deg.C)/cm

* Alcoa No. A-51-S

*: Alcoa No. 18-3

Also:

Steel is SAE 4240
Bronze is ANS 484 6
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(3) At a given temperature, pressure and roughness, the thermal
resistance of both dry and oil-filled Joints decreases in
the orders steel, bronze and aluminum.

(4) The thermal resistance of dry joints decreases as the temp-
erature increases. There is no such relationship for oil-
filled joints.

(5) At 10 psi the therml resistance of an oil-filled joint is
about ons-half that of a dry joint. The effect of the oil
decreases at higher pressures.

(b) The thermal resistance decreases if one surface of a steel
joint is copper plated.

Example 2: Conduction with and without contact resistance.
L_ /" a I- -1

Fig. 10 Composite Bar with Contact Resistance

Figure 10 shows a composite bar, 3/8" diam., cross sectional
area 0.110 sq. in., made up of 1" steel (k - 1.1b) and 1/2" al-
uminum (k - 5.5) insulated on the sides. One end of the bar is
maintained at l1O 0 C and the other at 100 °C. Assume a contact
pressure at the dry joint of 10 psi and a contact resistance of
1.83 for contact surfaces of 70 RUB roughness. Problem: Deter-
mine the rate of heat transfer.

q 0.110 (15o - loo) 5.5 (16
1 0o.847 + 1.830 +* .o09 .7 (+ 1.83 +

= 1.98 watts

It is seen that in this particular case, the resistance to heat
transfer "aused by the joint constitutes 1.83 x 100 or 66% of
the entire resistance.

The heat flow rate, neglecting the contact resistance is:

a- - 100 5.86 watts

or almost three tims as great as that wherein contact resis-
taoe s is cocisdered.
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f. Conduction Across Thin Air Gaps

It has been found that heat transfer, other than that radiated,
occurs between short vertical surfaces by gaseous conduction
for distances up to about 1/4" (see reference 5). Beyond this
distance a convective effect becomes apparent. At distances
greater than 1/2" the convective heat transfer increases and
approaches, for distances greater than l", a value equivalent
to that for a heated surface in free air having the temperature
of the cooled surface.

In dealing with thin air gaps, say 1/4" or less, it can be as-
sumed that the primary moae of heat transfer (other than radia-
tion) is by conduction and the resistance can be estimated by:

RLR .

where L is the thickness of the air gap and k is the thermal
conductivity of air (see Table 18) at the average air tempera-
ture.

g. Conduction Through Other Shapes

The foregoing shows that pure conduction through a wall or bar,
cylinder and sphere is relatively simple. All other shapes are
complex and usually must be solved by graphical or numerical
means. Where conduction through complicated shapes is accom-
panied by convection or radiation or both, it is difficult to
define the problem mathematically. This results from the com-
plexity of the thermal paths associated with densely packed
electronic equipment. In certain instances these paths include
"end effects" which are disregarded in conventional heat trans-
fer design. Heat flows from regions of high to low temperature
by conduction, radiation, convection and combinations of all
these modes. Further, one mode affects the other so that
densely packed electronic equipment represents a thermal cir-
cuit wherein it is difficult to apply an exact analytical treat-
ment. However, there are instances which are readily applicable
to an analytical treatment, an example of which is forced con-
vection over electronic tubes wherein the heat transfer occurs
primarily by only the one mode. Further, these complexities
should not give the electronic engineer the impression that
thermal design is impossible or even very difficult. The heat
transfer characteristics of typical assemblies or subassemblies
can be determined, if necessary, empirically, and thermal
"bench marks" established.
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h. Conduction Cooling Notes

Reference 10 presents the results of experimental investiga-
tion of cooling electronic parts by metallic conduction. One
of the conclusions was that "due to the complex nature of
heat transfer when pure conduction is taking place concurrently
with other modes of heat transfer, an adequate general correla-
tion of the data is not practical." It was found, however, that
"components largely made of metal and fastened in firm metal to
metal contact with a cooled surface, are cooled satisfactorily
by this nethod." In general, the largest metallic surface area
of the part should be in contact with the cooled surface.
Further, it is stated that under good thermal contact, as much
as 50% of the total heat dissipation may be by conduction.
Also, "the temperature rise of components cooled by free convec-
tion in air at ground level pressure may be decreased 30 to h5%
by fastening the component with metal-to-metal contact to a
cooled surface at the same temperature as the ambient air, de-
pending .on the configuration and method of mounting the component."

In summary, the following recoimnendations are important regard-
ing conduction cooling:

(1) Electronic parts, made largely of metal, may be efficiently
cooled by conduction provided there is bood metal-to-metal
contact, preferably by soldering.

(2) The conduction path should be as short as possible, that
is, the part should be so placed that its smallest dimension
is perpendicular to the cooled surface. Also, if possible,
the largest metallic surface of the part should be in con-
tact with the cooled surface.

(3) Parts, other than metal ones, may be cooled by conduction,
although less effectively. It is imperative that the
thermal resistance at the contact plane be low, which can
only be obtained if the surfaces are flat and smooth and
if the two surfaces are in contact under pressure.

2. Free Convection in Gases

a. General

Heated bodies situated in a gas (or liquid) may lose an appreci-
able percentage of heat energy by free convection. Usually the
gas is air, but other gases which exhibit higher coefficients of
heat transfer, such as helium, are sometimes used. Heat trans-
fer coefficients of gases in free convection are usually very
low when compared with liquids and the thermal resistance due to
the free convection film may be the greatest and, hence, the
governing factor in a thermal circuit.
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b. Units

A consistent set of units must be used in both free and forced
convection calculations. It may be convenient to use the mech-
anical engineering system of units since the properties of fluids
are usually listed in this system. Table 3 lists the nomencla-
ture and the engineering system of units which may be used in
both free and forced convection equations.

TABLE 3

Engineering System of Units
Free and Forced Convection Equations

Symbol Nomenclature Units

h Convection coefficient of heat transfer Btu/(hr.)(sq.ft.)(°F)c

L Characteristic length ft.

k Thermal conductivity Btu/(hr.)(ft.X°F)/ft.

g Acceleration due to gravity 4.17 x 108 ft./hr.2

9* Coefficient of thermal expansion Cu.ft./(cu.ft.)(°F)

Density Lbs./cu.ft.

Viscosity Lbs./(ft.)(hr.)

c Specific heat at constant pressure Btu/(lb.)(°F)

V Velocity Ft./(hr.)

* For a gas, the coefficient of thermal expansion is numerically equal
to the reciprocal of the absolute temperature, '/OR*

c. Theoretical Considerations

The basic equation for the free convection film coefficient for
any fluid, either liquid or gaseous, is:

hcL B6t LIP m (18)
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The symbols and units are given in Table 3. 6 is the tempera-
ture difference between the surface and the fluid. C is a con-
stant which, in general, depends on the shape of the surface,
while the exponents m and n depend on the magnitude of the
groups of variables in the parentheses.

The term in the left of equation (18), hCL/k, is a dimansicalese
group called the Nusselt number, Nu. The group of terms in the
first set of parentheses on the right is also dimensionless and
is known as the Grashoff number, Gr., while the term in the
second parentheses are a dimensionless group known as the Prendtl
number, Pr. These three groups are important in free convective
heat transfer, and equation (18) has been used to correlate ex-
perimental data. Furthermore, this equation can be derived by
theoretical considerations. It has been found experimentally
that the magnitude of m and n are very nearly equal and equation
(18) may be rewritten in the form

hc " k (a L3  t)m (19)

where "a" is defined as:

a a gop 2 c (20)

Ak

The significant dimension L is a function of the character and
position of the convecting surface. The following table lists
L values for the more common shapes.

TABLE L

SI0NIFICANT DIIMNSION "L"

Surface Position Lenth

Plane horisontal (Lonath) x(Wdth)
Length + WOWth

Plans (reotangular) vertical vertical height but
limited to 2 ft.

Plane (non-rectanplar) vertical area
horisontal "CE

Plane (ciroular) vertical 0,785 x diameter

Cylinder horizontal diameter

Cylinder vertical height of cylin.or uut
limited to 2 ft.

Sphere 0,50 x diameter
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For irregularly shaped electronic parts, the L value would be
that of the most similar shape or surface in the foregoing

[ table.

The exponent "Im" is ceaendent on the value of aL3 At. In the
range from aL¾l t - 1- to 109 its value is about 0.25. If the
magnitude of aL6 t exceeds O0 , th value of m increases to
0.33. However, the range 10V to 30 includes almost all elec-
tronic free convection calculations.

Thus, the free convection equation can be written:

hc = c t)o.25 (21)

Reference (11) lists values of the constant C for various shapes
and surfaces. In general, these values are for relatively large
dimensions when compared with subminiature electronic parts.
Examples of applicable shapes are boxes used to house electronic
parts. The values are listed in Table 5.

TABLE 5

Values of C to be Used in Equation (21)

Shape and Position C

Vertical plates 0.55
Horizontal cylinders (pipes and wires) 0.45
Long vertical cylinders 0.45-0.55
Horizontal plates facing upward 0.71
Horizontal plates facing downward 0.35
Spheres (L = radius) 0.63

In using equation (21) it is convenient to use the Btu-°F-foot system.
For a gas, the coefficient of thermal expansion is equal to the
reciprocal of the absolute temperature or i/°R where OR - OF +
460. The properties of air at sea level pressure, including
the "a" term, are 6iven in Table 13 (Appendix C).

For free convection in air, reference (6) includes a chart which
permits solution of the foregoing equation with a very minimum
of calculation. This chart has been reproduced in Figure Ui.
It is only for air and cannot be used for other gases. While
the usual gas is air there are instances wherein other gases
such as helium might be used within a sealed unit to advantage.
In this case calculations must be made using equation (21).
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d. Example No. 3

The followini example illustrates the use of equation (21) and
also the use of the free convection chart.(in rend'. envelaoe).

(1) Problem

A metal container 24' lonb x 12" wide x 12" high, situated
in free air at 35 C, has a surface temperature (average) of
85 0C. How many watts can be dissipated (exclusive of radi-
ation and conduction) by free convection from the top sur-
face only to the air? It is assumed that the space surround-
ing the container will remain at 350C (well ventilated)

(2) Solution by Calculdtion

Step (1)- Determine film coefficient by use of
equation (21).

h- C C (aL36t)02
5

L
t - 85°C - 1850F

t - 350C - 950Fa

Average temperature of air film - 185 + 95 . 140oF2

Pertinent properties of air at l140F (from Table 18)

k - 0.0168 Btu/(hr.)(ft.)( 0 F)

a - 0.896 x 106

C - 0.71 (for horizontal plate facing upward)

at - 185 - 95 - 900 F

12 x 24L a ir-• - 8 in. - 0.667 ft.

hM 0.71 00168 (0.896 x 106 x 0.6673 x 90)'25

- 1.25 Btu./(hr.)(sq.ft.)(OF)

Step (2) - Determine total heat transfer rate

q = h A At (Basic equation)

A - 12 x 24 - 288 sq. in. - 2.0 sq. ft.

q - 1.25 x 2.0 x 90 - 225 Btu/hr.
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Step (3) - Convert to wa~ts

225 Btu./hr. x 1 66.0 watts total heat dis-Isipation by free convection
from top surface onlJy.

Note: The calculations for the heat dissipation from the
sides and bottom of the box may be made in a similar
manner using appropriate constants from Table 5.

(3) Solution by Chart, Fig. 11

Enter top right quadrant at 85 0 C surface temperature and pro-
ceed horizontally to 35 0 C air temperature line. Follow ver-
tical line downward to 30 in. Hg. pressure (atmospheric) in
lower right quadrant. Proceed horizontally to horizontal
plane face-up line in lower left quadrant. Proceed verti-
cally upwards to significant dimension line of 8.0 in. in
upper left quadrant (use upper group of lines). Proceed
horizontally to right and read 0.227 watts per sq. in.

Total watts from upper surface is:

0.227 x 12 x 24 - 65.4 watts
(this is in close agreement with the calcu-
lation method)

Note: A similar example wherever the heat dissipation is
given and the temperatures are to be found is pre-
sented on page 96.

e. Free Convection from Small Confined Parts

Ref. 5 cites free convection tests of tubes, resistors, relays
and transformers in confined spaces. Due to enclosure effects
and the irregular configuration of the parts together with their
smallness, it was found that the convection heat transfer coef-
ficients were greater than those calculated by using the con-
stants in Table 5. The test data are best fitted by the follow-
ing equation:

Nu = 1.45 (Gr x Pr)0. 2 3  (22)

(where Nu, Gr, and Pr are the Nusselt, Grashof and Prandtl numbers
respectively).

For the miniature and subminiature tubes tested, the height was
used as the significant dimension L. For the horizontal resistors,
L was defined as the reciprocal of the sum of the reciprocals of
the diameter and length. For the relays and transformerb, L was
taken as the vertical height.
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6ince the totdl heat transfer rate q by free convection from

Lhe surface area A is Liven by:

q = h i t (23)

equations (20) and (21) nmay be combined and solved for the dif-
ference between the surface anri fluid temperature. Ref* 10
changes the exponent of the Grashof and Prandtl numbers from
0.23 to 0.25 (for convenience) which results in:

L0.2 0.8

At a 0.751-q (2)
a Ak

with all units in the Btu.-foot-degree F system.

The application of equation (22) is given in an example in the
Liquid Cooling Section. These free convection equations are
applicable to any flaid, liquid or 6aseous.

3. Radiation

a. General

The basic equation for the net exchange of radiant energy
from a surface at an absolute temperature of T1 to a surface
at a lower temperature, T2 , is

qr = irA Fe Fa[(Tl)4- - (T2 )4] (25)

where:

a" is the Stefhan-Boltzmann constant

A is the area of the higher temperature surface
(in most cases)

Fe is an emissivity factor

Fa is a configuration factor

The units to be used in the general radiation equation in the
two systems are:

Btu-foot-hour-°F ,Vatt-Inch-Sec.°C
System System

qr Btu./hr. #atts

0.173 x 10-8 Btu./(hr.)(sq.ft.)(oR)h

0.0037 x l0-8 Matts/(sq.in)(°K)

A sq. ft. sq. in.

Fe Same in both systems - dimensionless

Fa Same in both systems - dimensionless

T (T)°R - 460 + (t)°F (T)°K - 273 + (t)°C

3h
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The emissivity factor F allows for the departure of two radiat-
ing surfaces from ideal blackness or unity emissivity. In
general, F e is a function not only of the emissivities of the
two radiating surfaces but of their geometric arrangement as well.
For prallel lanes which are large compared to their distance
apar and also for a completely enclosed body which is l com-
pared to the enclosing body, Fe is given by:

Fe 1 1 (26)
+- 4 -gi '" 2 -1

Where 61, and 62 are the emissivities of the two surfaces.

For a completely enclosed body which is small compared to the
enclosing body, such as an electronic box in a large compartment
or room, the emissivity of the enclosing surface has little ef-
fect on Fe and

Fem=i (27)

where 6l is the emissivity of the enclosed body. These are the
more general configurations, but for others, reference should be
made to "Introduction to Heat Transfer" by Brown and Marco (ref.
11).

Tables 20 and 21 list emissivity values of various surfaces.
Dull, dark surfaces are good absorbers (or emitters) and have
high emissivity values. Polished surfaces have low values and
can be used as radiation shields to protect parts from radiant
heat sources.

In the case of enclosed bodies, the area A in the radiation equa-
tion is that of the enclosed body. The configuration factor F.
takes into account the geometry of the radiating surfaces and
the fact that not all of the radiation froa one surface may reach
the receiving surface. In most cases, such as the large parallel
planes and enclosed bodies, Fa is unity. For certain other con-
figurations Fa may vary widely and much information is given in
reference 11.

Equation (25) may be written in a slightly different form for
ease of solution, Using the Btu-hr.-sq.ft.-°R system, it is:

qr -0.173 A FeF T -T 2  J (28)[~0100)

and in the watt-sec.-sq.in.-°K system: 1

q 0r =.0037 A Fe Fa [6(01-) (O0)4] (29a)
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b. Example (4) of Use of Radiation Equation:

Problem: An electronic assembly is housed in a steel uox painted
with a dull paint. Its dimensions are 6" x 12" x 6" high. It
is mounted in a rack such that the total surface area is exposed.
The average surface temperature is 150C and the objects sur-
rounding the box are at 80 0 C. Also, the surfaces surrounding
the box are in relatively close proximity. Estimate the radiant
energy dissipated from the box.

Solution:

A1  = 360 sq. in.

Fe It is assumed that the emissivity of the sur-
rounding objects is 0.90. From Table 20 the
emissivity of the surface of the box is 0.94.
Since the surrounding objects are in close
proximity to the box, Fe is calculated by

Fe 1 = 0.85211

.9 0.90

F a = 1.0

T, - 150 + 273 = 4230K

T9 = 80 + 273 = 3530K

From equation (29)

qr a 0.0037<360)(0.852)(1.0) 43 41 I3531
qr - 186.8 watts total radiant heat dissipation.

An alternative solution is by use of the two radiation charts
Fig. 12, from ref. (6), one for the lower range and the other
for the higher range of temperature. Using the lower range
chart, 150 C is located at the left and one proceeds horizon-
tally to the right to the receiving temperature of 800C and
then vertically downward to the horizontal scale reading 0.615
wattg'sq.in. This is for the ideal black body only and must
be multiplied by Fe and Fa as well as the total area. Thus,

qr - o. 6 15 x Fe x Fa x A

= 0.615 (0.852)(1.0)(360) = 188.8 watts
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Conversely, if the heat dissipation of the above box is known,

the surface tempexatpre can be computed:

=r 185 watts

185 - 0.0037 (3.60)(.852)(1.o) ( 4- (

. 3.8 164

T 4
S- 2 - 4.262

T = 4260K

T = 426-273 - 15300

c.. Comparison of Radiation with Free Convection

To show that radiation is an important mode of heat transfer,
it is of interest to compare it with free convection. In the
foregoing problem, free convection acts simultaneously with
radiation. Assume that the surrounding air is at 800C. The
following tabulated calculations for the free convective heat
transfer azc from the free convection chart, Fig. 11.

Example (5)

FIRE CON~VECTIM FROM BOX OF EXAWLE (4)

Significant Area Watts/ Total
Surface Dimensionsin. S sq. in. Watts

Top 12 x 6 . 4" 72 x 0.393 " 28.3

Bottom 12 x 6 . 4" 72 x 0.193 " 13.9

Sides height w 6" 216 x 0.276 - 59.7

Total - 101.9

Hence, in this case, the total dissipation from the box is
188.8 (radiation) plus 101.9 (convection), or 290.7 watts,
of whigh 65 percent is by radiation.

Radiation and convection usually occur simultaneously. Since
free or forced convection is usually described by a convective
coefficient of heat transfer hc, it is convenient to use an
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equivalent coefficient of racLiation, hr, so that the two co-
efficients are acaitive. Thus, for a surface at temperature
ts ana of area t, transferrinL heat by co:.vectlon to tie sur-
roundin6 air at temperature ta and simultaneously transferring
heat by rauiation to radiant receiver surfaces at temperature
tr, the total heat transfer rate from the surface by these two
moues is:

qt = qc + qr = (he hr) A (tc - ta) (29b)

The radiation coefficient is:

crFe Fa (Ts - Tr4)
hr = -(29c)

t• - t

If the surrounding receiver surface temperature is equal to
the air temperature, Ta is substituted for Tr.

d. Design Notes on Radiation

Even though the thermal circuits in densely packaged electronic
equipment are complex, approximate radiation calculations may
be made. There are several aesign principles which may L, used
to advantage anm which shoulo be kept in mind:

(1) The heat transferred by radLiation may exceed that trans-
ferred by convcction. Thia, radiation is an important
mode of heat transfer.

(2) For maximum heat transfer by raoiation, "black" surfaces
must be used. This should not be interpreted to mean
that all surfaces should be painted bL-ck. Some judge-
ment must be exercized. For example, vacuum tubes should
not be painted black because the emissivity of glass at
temperatures as low as 1000 C is equal to that of the best
blaok paint and with increasing temperatures becomes slightly
greater than that of the paint.

(3) For a given difference between raciating and receiving
surface temperatures, the higher the level of temperature,
the greater will be the radiant heat dissipation. This
is due to the heat transfer being proportional to the
difference in the fourth powers of the absolute tempera-
tures. Thus, theoretically, parts should be operated at
their maximum temperature ratings to realize maximum heat
transfer by radiation.

(h) Uncontrolled radiation can cause impaireu reliability.
It is desirable to protect temperature sensitive, or low
rated temperature parts, from overheating, due to their
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proximity to higher temperature i.eat sources. Hence,
low temperature parts must be located so that they do
not "see" these sources or radiation shields must be
used. Thin, highly polished sheet metal shields placed
between such parts can be very effective as radiant heat
barriers. The shield should be polished on both sides.
Also, it is desirable that the shield be soldered to the
case or chassis to provide a good conductive heat path.

(5) Placement of parts in an electronic assembly to provide
maximum radiant heat dissipation requires careful con-
sideration. For example, a tube surrounded by other
tubes could dissipate little radiant heat with a conse-
quent higher temperature rise than its neighbor. There
may be occasions due to assembly limitations wherein a
certain part must be given special treatment to provide
adequate cooling, one example being a tightly fitting
tube shield soldered to the case or chassis to provide
a highly conductive thermal path away from the tube.

I. Radiation and Gaseous Conduction

Heat transfer can occur in gases primarily by conduction, across
small gaps between surfaces at different temperatures, if convec-
tive effects are suppressed. Radiation and gaseous conduction were
studied in Ref. (10) with respect to the cooling of vacuum tubes
and relays. Each part to be studied was enclosed by a cylindrical
brass baffle blackened on the inside and immersed in a constant
temperature bath. The spacing between the tubes and baffles was
0.20 inch.

It was concluded that exact mathematical correlation of the data
was difficult, since the heat was dissipated simultaneously by
both radiation (a function of the difference of the fourth power
of absolute surface temperatures) and gaseous conduction (propor-
tional to the first power of the absolute temperatures). Further,
nonisothermal surfaces and effective surface areas of irregularly
shaped parts complicated the analysis. However, the tests did
produce important general conclusions which are in accordance
with heat transfer theory. These are listed as follows:

a. The heat transfer between cojifined, short, vertical surfaces
occurs only by gaseous conduction and radiation for distances
up to about 0.25 inch. Convection was only apparent i..ith a
greater separation. Thus, in densely packaged equipment,
free convection effects are probably almost absent.

b. Heat transfer oy Laseous conduction is inversely proportional
to the distance or spacing. Hence, for optimum heat transfer
the spacing mist be very small, in which case the heat
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transfer by gaseous conduction may exceed that by normal
convection of unconfined parts.

c. For cylindrical parts surrounded by closely spaced black-
ened shields, the heat transfer rate may be estimated py
the following two equations:

Conduction:

2.7 2 9 kair (tp - tc)qc = lo De) (3)

lo10 D

where:

k is the thermal conductivity of the air or
gas within the space

tp is the estimated mean temperature of the part

t s is the temperature of the shield

D. and Dp are the diameters of the shield and part
respectively

Radiation:

qr= 0.173 FeFa Ap(fTINO4 -(L (31)

where:
Fe is the emissivity factor having a value be-

tween 0.85 and 0.95 for most electronic
parts including electronic tubes, as long as
any metal parts are not bright or polished

Fa is the configuration factor, being unity for
the configuration of - cylinder enclosing a part

A p is the area of the part

Tp and T. are the absolute temperatures of the part
and shield surface respectively

The total heat transfer rate is the sum of qc and

qr
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Problems involving combined modes of heat transfer are
solved by trial and error methods.

d. The tests of reference (10) showed, as could be predicted
from heat transfer theory, that increasing the tube and shield
temperatures the sawe amount results in greater heat transfer
by radiation while the ._aT transfer by gaseous conduction re-
mains the same. Thus, for the same heat dissipation, the temp-
erature difference between part and shield temperature is less
at an elevated temperature level than at a low temperature
level. This is due to the increased effectiveness of radiant
heat transfer in accordance with the fourth powers of the
temperatures.

C. NATURAL METHODS OF COOLING ELECTRONIC PARTS

1. General

Most electronic parts have been designed for cooling in free air
at one atmosphere by natural means, primarily by radiation and
free convection. Conduction cooling is usually the less signifi-
cant mode. The ideal free air environment for electronic parts
is seldom obtained in conventional electronic equipment, and prob-
ably is never achieved in miniaturized equipment. This means
that the parts must either be derated or provided with supplemen-
tary cooling. Such cooling techniques by natural means are dis-
cussed in this section. The recoL-naed method may not always be
compatible with a particular design and, where possible, alternate
means are presented,

2. Vacuum Tubes

a. Hot Spot Locations

The modes of heat transfer within vacuum tubes and the loca-
tion of the hot spots produced during operation in free air
are discussed in 3ection 1. .Mote that the primary hot spot
is on the envelope opposite the plate, that the secondary
hot spot is at the base near the leads, that tubes should be
cooled in a manner that will reduce the thermal gradients in
the glass and that tubes mast be cooled primarily by removing
heat from the glass envelope (See Section X). In general, the
hot-spot temperature rise on the envelope opposite the plate
of a tube in free air will be of the order of twenty per cent
greater than the average envelope temperature rise.

b. Shields for Removing Heat from Tube Envelopes

(1) General

This section is concerned with the ability of tube
shields to remove heat from the tubes which they enclose.
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A tube sii, -i ._.ir C c. 2 _;iCal Lhie-ld
arou:, .•.' L-L,- ,o _IL. CE ract•tOn ou, to stray

fitlu, It. I-.s i,.. a.L_ r't t.ne tube iscctresir il s

socket agaiiAt, viora sor. unu Jn.pact in ary plane, and
it should protect the tui_ ana its luaus from mechanic-
al injury.

There are three beat transfer paths from a bare tube:
radiation from the envelope to surfaces which the en-
velope "sees", either natural convection or gaseous con-
duction fror:m the e. velope to the environmental air or
gas surrounding the tube, and conduction along the tube
lead wires. Since the - reatest concern is the glass en-
velope, this discussion will stress the former mode.
In brief, heavy gage, short lenri, dire 2Lead6 waich are
thermally grounded, tend to increase heat transfer by
conauction. The terminals of the leads (away from the
tube) must be kept cool if conauction is to be at all
appreciable. In general, conduction along and convec-
tion from long lead wires on subminiature tubes, is not
appreciable.

The major mode of heat transfer from a bare vacuum tube
is radiation. This is because the heat transfer by radi-
ation is a function of the difference of the fourth
power of the absolute temperatures, whereas, convection
and gaseous conduction are functions of only the first
power of temperature difference. If a tube is surround-
ed by lower temperature surfaces which are at distances
greater than one inch from the tube, natural convection
will occur. The heat transfern-i to these surfaces by
convection will be less than that transferred by radia-
tion. If the surrounding surfaces a-e very close, say,
less than one-hLlf inch away, anc. if the tube is enclosed
in an airtight container, then free convection becomes in-
effective and heat will be transferred by gaseous conduc-
tion to a saller degree than that by radiation.

In order to be effective in removing heat from the envel-
ope, the first ana most important consziueration is to pro-
vice a aininum of contact resistance uetween the tube
shield, its base and the chassis or mountin6 surface.
The mounting surface should be of metal. Nothing is
gained by mounting tube shields on, for example, a pheno-
lic chassis,or on materials of low thermal conductivity.
Such materials act as thermal insulators and it is easily
possible to overheat a well shieluea vacuum tube, even
when it is operated well within its dissipation ratings.
Ideally, for maximuin heat trnsfer, the tuve shield
shuulo be soldered, brazed or bondeC to nhe netal surface
to obtain a near perfect contact. Riveting or bolting
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a shield to a metal surface leaves a thin air gap which
constitutes an extremely high thermal resistance, prob-
ably much more than the resistance of the shield itself.
For effective heat removal, this gap must be minimized
and preferably eliminated. A poor surface contact may
cause a shielded tube to operate hotter than a bare tube,
even though other thermal considerations are incorporated
in the design. It is not advisable to use a tube shield
which is not thermally bonded to a cooler metal surface.

In addition, the shield should fit the tube envelope as
tightly as possible to reduce the air gap to a minimum.
Perfect contact with the bulb glass is difficul'. One
method which has founci some use is to apply silicone
grease between the tube and the shield. Unfortunately,
thie method is not usually suited to the maintenance
techniques of the Armea Services. In general, the most
practical methcd is to provide some flexibility in the
shield to accomnodate expansion and variation in bulb di-
mensions. For example, this can be accomplished by slot-
ting or splitting the shield.

Further, it is advisable to increase the absorptivity of
the inner surface of the shield to increase the heat trans-
fer by radiation from the envelope. A brightly polished
surface is a poor absorber and should not be used. A dull,
oxidized and blackened surface is preferred. If heat trans-
fer by radiation to the surroundings is desired, then the
same dull surface should be used on the outer surface of
the shield. On the other hand, if temperature sensitive
parts and other tubes constitute the surrounding objects
(in wh-'"i case radiant heat transfer to these parts is not
desired) then the shield's outer surface should be highly
polished. Thus, the surrounding objects influence the de-
sign of the shield. In genexal, it is not recommended
that radiant energy be deliberately expended inside an
electronic case. The heat is radiated from the source and
dispersed to other parts in an uncontrolled fashion.

(2) Miniature Tube Shields

(a) Conventional Shields

The standard type miniature tube shield, Fig. 13, is not
too satisfactory from the heat transfer standpoint, es-
pecially at high heat concentrations. Such a shield is
usually a heat barrier. The blanket of air enclosed be-
tween the shield and tube envelope is too thin for free
convection currents to form and heat transfer from the
tube to the shield is only possible by gaseous conduction
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and radiation. Due to the low emissivity of the brightly
finished shield, a large portion of the radiation is re-
flected rather than absorbed. Further, the average shield
has a poor thermal contact with the chassis which prohibits
heat conduction into the chassis.

Miniature tubes enclosed in standard nickel plated JAN
type shields at room ambient temperature and pressure, show
approximately a 45 per ce'nt increase in hot-spot tempera-
ture rise over an unshielded tube. One organization has
found that the provision of circumferential slots near the
base of the shield to improve convection was ineffective
(ref. 5). However, convection cooling was increased by
cutting large vertical slots in the shield. With both
vertical slots and a blackened standard JAN shield, the
envelope hot-spot temperature seemed 80C cooler than the
unshielded tube. However, this apparent temperature re-
duction was due to a shift in the hot-spot location caused
by the convective cooling of the tube envelope. In general,
an unshielded miniature tube will be cooler than a shielded
tube. Therefore, in applications where electrobtatic shield-
ing is not required, a spring type "hold down" clamp will
usually provide better cooling than a standard miniature
shield, provided the radiation from the tube can be tolera-
ted.

To summarize, the bulb temperature rise is least without
any shield. Blackening a conventional miniature tube
shield appears to be the only practical method of lower-
ing the temperature rise, if such a shield must be used.
Even so, the improvement is rather insignificant. The
relatively poor ability of the conventional shield to faci-
litate heat removal from the tube is due, mostly, to the
poor thermal attachment of the shield to the chassis. Con-
duction from the shield to tbc chassis is greatly impaired
due to the method of attachment. *

(b) Radiation-Conduction and Radiation-Conduction-Convection
Shields

With the radiation-conduction shield (see Fig. 14), heat
transfer takes place by combined radiation and gaseous
conduction from the tube to the shield and then, primarily,
by metallic conduction from the shield to the cooled chassis.
In such instances the thicker shields produce relatively
lower temperatures, due to the larger heat conduction path.
However, it has been found that increasing thickness results
in diminishing returns. An increase of from 1/32 inch to
1/16 inch decreases the tube-to-sink temperature difference
by 10 per cent, whereas, an increase from 1/32 inch to 3/16

This work is continuing and will be reported in a future

publication.

I5



THREADED CHASSIS

SOLDERED

TuBE SOCKETr

Fig. 14
CONDUCTION TUBE SHIELD

- 46 -



inch decreased the difference by only 20 per cent,
(ref. 10).

The heat transfer rate from the radiation-conduction-con-
vection shield is influenced by the size of the air gap
as well as the number of slots. With small air gaps there
is little free convection, and slotting the shield pro-
duces high temperatures. Slotting the plain shield in-
creases the heat transfer only if the air gap is relatively
large, say, 1/4 inch. The number of slots also affected
the heat transfer although no correlation was apparent.See Fig.15).

Since a standard noval tube shield will just chamber the
standard shield base made for a seven-pin miniature tube,
it is possible to obtain a more effective convection
cooled shield for use with nine-pin noval tubes by insert-
ing the base of a seven-pin tube shield within a noval
shield (see Fig. 16). The junction between the insert and
the main tube shield is made by soldering, care being
taken not to fill up the air space. This modification
will permit convection between the tube envelope and the
shield to reduce the envelope temperature. It is parti-
cularly applicable to tubes which are operated at full
ratings in equipment of conventional construction.

(3) Subminiature Tube Shields

(a, General

The majority of subminiature tubes are used in radio fre-
quency and voltage amplifier applications wherein about
two watts per tube are dissipated. At this power level
a single unshielded tube operating in free air at 25 0 C
can attain an envelope temperature of 1100 C at thermal
equilibrium. Approximately 40% of the heat is removed
by radiation while the greatest part of the remaining
60% of the heat is removed by free convection. When
this same tube is placed in a subassembly with other
similar tubes, heating by mutual radiation and convec-
tion is increased, and the tube envelope temperature can
rise to 2250C at equilibrium. It is possible to allevi-
ate this condition by using tube shields designed to re-
move heat from the tube envelope and transfer it into the
chassis by metallic conduction.

An assortment of subminiature tube shields designed for
conduction cooling have recently become available. A
rough evaluation of several types of subminiature tube
shields now in common use, along with some specially
designed shields developed in this Laboratory, was con-
ducted.* There are four general types of subminiature

This work is continuing and will be reported in a future
publication.
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tube shields, the wrap-around shield, the fuse clip type
shield, the machined aluminum shield anu the solid metal
block type shield. The selection of a given shield de-
perkds upon the particular requirements of the electronic
sub-as sembl~y involved.

(b) The vwap-around shield (Fig. 17) is the most commonly used
in current electronic equipment. The shield consists of
a cylinder of springy metal which is formed to fit and wrap
around a subminiature tube envelope. Heat is transferred
from the glass envelope of the tube by radiation, direct
conduction, and gaseous conduction to the shield. The
shield in turn forms a conduction path of low thermal re-
sistance to the chassis.

(c) Another type of subminiature tube mounting utilizes a fuse
clip type configuration (Fig. 18) in which a spring metal
clip is used to hold the tube in position. The fuse clip
is usually riveted to the chassis or support. Some fuse
clip mountings are long and cover a good part of the tube
surface, thus providing a good conductive heat path away
from the tube envelope. Small fuse clips have also been
used to hold the tube in a favorable position for free
convection and radiation cooling.

(d) The cylindrical shield consists of an aluminui tube shield
machined out of a slotted aluminum tube with threads on
its base so that it may be screwed into a threaded chassis
(see Fig. 19f).

(e) An alternate method of mounting subminiature tubes has been
to inwcrt the tubes in a drilled metal block, the holes (Fig. 20)
being slightly larger in diameter than the outside diameter
of the tubes. Metal tube blocks of this type have been
built as an integral part of the outsiue of equipment cases.
Various methods have been used to hold the tubes in the
block. In one instance, silastic type rubber was used in
the form of a ring around the top and the bottom of the
tube envelope to form a shock mounting for the tube. With
such a mounting, the primary heat transfer modes from the
tube envelope are by radiation and gaseous conduction to
the metal block which, in turn, provides an excellent me-
tallic conduction path to the surface of the equipment of
subassembly case. Another technique involves wrapping the
tube with corzugated aluminum, silver or copper foil prior
to insertion into the metal tube block. The air gaps are
reduced and conduction is increased.

(f) Evaluation of Subminiature Tube Shields

Initial Considerations:

The analysis of the thermal characteristics of tightly fit-
ting tube shields is complicated by temperature gradients
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Fig. 18
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on the surface of the tube envelope, and the envelope
surface temperature measurement errors due to the in-
timate contact between the envelope and the shield.
It has been found that shield temperatures are mislead-
ing. In order to minimize those errors, small holes
were drilled in the shields to be tested, ano thermo-
couples were inserted and attached to the tube envelopes
with Sauereisen cement. Some inherent error exists with
this method since the thermocouples were on a part of
the envelope which is cooled only by convection and radi-
ation. In other instances, as an alternate, temperature
indicating paints and lacquers were placed on the surface
of the tube envelope. However, since the lacquer or
paint was in contact with both the shield and the envelope,
the indicated temperature was somewhere between that of
the envelope and the shield. These techniques were con-
sidered satisfactory only for the determination of the
relative merits of the shields tested. More accurate re-
sults could be obtained by inserting thermocouples into
the envelope glass or by attaching thermocouples to
several internal tube elements.

Each shield was mounted by soldering or by other low re-
sistance means to a brass sink plate which was partially
immersed in water. This provided an adequate heat sink
whose temperature remained constant during these tests.
Type CK5703 tubes were urcd throughout aid operated at
3 watts input tc .hermal equilibrium. Extreme care was
used to make sure that the entire electrical input to
the tubes was dissipated (no electrical output). All
tests were conducted at 24 0C ambient and sink tempera-
ture at sea level pressure. Nhere possible, the tube
shields were made of a material of equivalent thickness.

i. Fig. 21 presents a beryllium copper tube shield of the
wrap-around type and shows an example of the variation
in temperature around the circumference of such a shield.
The temperature gradient of 72 0C over the shields is
typical and demonstrates the wide variation in the tube
envelope temperature. It also serves to show that shield
temperatures do not give an accurate indication of enve-
lope temperature. In another test the plain copper wrap-
around shield exhibited a tube base temperature of 1280 C
(See Fig. 22).

ii. A special wrap-around shield developed at C.A.L. (See Fig.
19C) was fabricated with two clips on the bottom to clamp
the base of the tube for seal cooling and slotted cir-
cumferentially to permit more intimate contact with the
tube envelope. This shield lowered the tube bulb temp
erature rise 150C below that obtained with a simple
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wrap-around shield (see Fig. 22).

iii. Tests performed with a fuse clip type mounting 7/16 inch
long made of beryllium copper (see Figs. 18 and 22),
showed a seal temperature of 860 C while the top of the
tube envelope between the two fuse clios was 1400C. The
temperature half way down the clip at the point of contact
with the envelope was 560C.

The high thermal gradient of 54°C between the tube envelope
hot spot (above the fuse clips) and poinr of contact with
the fuse clips indicates that the fuse clip type shield
does not evenly cool the tube and that severe glass en-
velope gradients are produced. However, the tube base
temperature with the fuse clip mounting was 860C and good
overall cooling was provided by conduction to the sink,
plus free convection and radiation from the tube envelope.

iv. Tests performed with a combination aluminum wrap-around
tube shield (see Fig. 22) mounted in a beryllium copper
fuse clip indicated a 5.5°C rise in tube base tempera-
ture over that obtained with a simple clip. This is
believed to be caused by the interference of the aluminum
shield with free convection and radiation. The tempera-
ture of the shield over the hot spot was 860C, while half
way down the fuse clip the temperature was essentially
the same. This indicated that the aluminum wrap-around
shield reduced the individual hot spots by distributing
the heat more evenly over the surface of the tube envelope
but did not increase the conduction heat flow through the
fuse clip. While the seal temperature was increased, the
use of the wrap-around shield overcame the primary disad-
vantage of the fuse clip type in that the severe thermal
gradients on the envelope were eliminated.

v. The aluminum cylinder type shield with the screw base
and vertical slots developed at C.h.L. (see Figs. 19f
and 22) was evaluated with the shield operating in the
vertical position. The temperature of the tube envelope
ranged from hi to 4l0C, while the temperature at the
bottom of the shield in the direction of heat flow was
390C and the tube base temperature was 8800. With the
tube and shield in the horizontal plane, the top of the
shield away from the base plate was 441G, and the tube
base temperature was 870C. Since the shield tempera-
ture was not significantly affected by mounting position,
it was concluded that the predominate cooling modes were
radiation and metallic conduction.

vi. The block type of shield was first tested with the tubes
suspended in the holes and not contacting the metal. It was
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found that the tube base temperature was 82 0 C, the
temperature on the outside of the block opposite
the center (hottest point on the tube) was 320 C,
and a little farther away it was 30 0 C. The en-
velope temperature was not measured because it
was believed that this test was not conclusive,
since the "chimney" effect provided convective
cooling. With the tube molded in "Silastic", the
temperature opposite the plate on the outside of
the tube block was 33 0 C, and the tube base was
410C. This is not considered to be conclusive
evidence that the tube block is superior to other
shields and work is continuing.

vii. When mounted vertically in free air, the tubes used
in the above tests exhibited a base temperature of
1031C and an envelope temperature of 163°C. This is
40 to 50oC hotter than the equivalent miniature tube
at the same power input.

(g) Conclusions

The findings of this evaluation are summarized in Fig. 22.

i. The fuse-clip type shield in conjunction with a flex-
ible wrap-around shield is superior to the wrap-around
shields for a given metal thickness, since two short
parallel cooling paths are provided by the clip. Further,
tube replacement is easier with the clip type shields.

ii. The cylindrical shield seems to be superior to all
other shields.

iii. Under equiva2ent conditions, the envelope temperature
of a subminiature tube with a good thermal shield
will actually be lower than that of its miniature
tube counterpart with a conventional shield.

It is realized that these tests omitted several
recently developed shields and that these findings
are not entirely conclusive, but only representative
of the several tube shields evaluated.

(h) Design Notes on Subminiature Tube Shields

i. Base cooling of flat press-type subminiature tubes is not
provided by most subminiature tube shields. It can be
accomplished by incorporating springlike clips to contact
the press base (see Figs. 19b, c, d, & e). With such a
configuration some additional cooling can be achieved by
conduction from the base of the tube. The degree of cool-
ing obtained depends upon the heat conducted by the tube
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leads insice of the tube and the contact resistance
between the clip and the base. base cooling is re-
commended in instances wherein the tubes are operated
near their maximum ratings or when the optimum cooling
is required.

ii. Several tests to determine the effactiveness of black-
ening the inside of tight fitting tube shields were
conducted. It was found that no significant temperature
reductions were obtained. This was believed to be due
to the increased thermal resistance of the blackening
materials. Thin black oxide films were later used and
no improvement resulted. Apparently the resistance of
the blackening materials offsets the gain obtained by
increasing the emissivity.

iii. Shields shoula be made of a highly conauctive material,
preferably copper or aluminum. The shield metal should
be thick to provide a low resistance path. Also, the
shield should be designed so as not to "crowd" the heat
flow.

iv. Spring materials are usually necessary for tight fitting
tube shields. Unfortunately, such metals are relatively
poor conductors. For example, beryllium copper is only
20% as effective as pure copper. The use of spring metals
can result in temperature gradients in the shield unless
large thicknesses are used. i compromise can usually be
achieved by utilizing pure soft metals in contact with
the tube envelope and compressing the shield with an ex-
ternal spring. F,• eA- ,hi&

aoAiIr+I- SckDI,
,•-.,N ME7AL OCAASS/Sf , IEA D

,79. 2,3a- n. 2,3 b
&kR4AP -A, OUND F USE CL/P -ip. 23 cTYPE S1/IELD TYPE S/-'IELD CPOsS-SEC TION /1/4ROUGH/

CYLINOD,/CAL S/-/IEL D
v. A brief analysis of three typical tube shield types

follows:

Fig. 23a shows an end view of a conventional shield.
Since heat enters the shield radially over the entire
surface, it can be seen that the shield carries ever
increasing heat, starting from the open side or edge,
and proceeding counterclockwise around the circumference.
A better shield might be similar to that shown in Fig.
23b. Here the heat is transferred by two parallel paths
which offer less resistance. Fig. 23c shows a shield
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which can provide 'ýcid ,ctiv. c~ulingi, . Note a~ain that
if the conductive p-1. ý.o d.t culol :urface is to be ef-
fective, there jau-t so a guooo ibtallic bond between the
shield ana the surface. Further, the tube c~n be maintained
at a permissible surface temperature only if the shila can
transfer the heat gained from the tube to a sink at lowaer
temperature.

c. Unshielded Tubes

Vacuum tubes larger than the subs:iniature types can be open'tea
satisfactorily without shields if adequate convection cooling
is provided ana if the tube can "see" cooler surfaces (radia-
tion). Convection cooling can be increased by provicing
"chimney" effect devices to guide the air flow. Sub-:mounting
in conjunction with a "sink strainer" w;ill also aid convection
cooling (6ee Fig. 2h).

3. Resistors

Most resistors for electronic circuitry have been sesigned for
natural cooling in free air. Resistors differ from vacuum tubes
in that almost any power can be dissipated in a given resistor
provided adequate cooling is present. Thus, with increased cool-
ing, resistors can be operated §uccessfully at increased ratings.
The dissipation rating of a given resistor will therefore vary,
dependent upon its environment. Resistor deratings are based or,
the maximum operating temperature and are published by resistor
manufacturers. This section does not incluue such infcnation.

The average 1/2 watt resistor in conventional equipment will re-
ject approximately hO per cent of its heat by free convection,
10 per cent by radiation, and 5u per cent by concuction through
the leads. There is not much a desi ner can do to increase the
cooling by radiation ana natural ccnvection other tnan to reuuce
ambient temperature. The conduction cooling, of resistors can,
however, be greatly increased. With s:.all resistors, as noted
above, considerable conduction coolin6 can take place throuah
the leads. Further, with a 1/2 watt resistor it has been found
that a 36 0 C rise above ambient temperature was obtained with zero
length leads connected to a sink (ref. 13). dith leads one inch
long, the rise was 51 0 C. Correspondingly, the lead length had a
greater effect when larger resistors were tested. Therefore, it
is sug6 ested that larger diameter leads be used with resistors
and that the lead length be minimized. If possible, the leads
should be thermally grounded to the chassis.

The body of the resistors should also be in contact with a
metallic chassis or sink. Clamping to the chassis has been

found to be very effective. The width of the clamp is not as
important as the fact that, by clamping, the resistor body is in
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intimate contact with the chassis. Further, it is desirable that
the thermal conductivity of the resistor insulation be increased.
This will aid all types of cooling.

4. Iron Core Inductors

Like resistors, iron core transformers and chokes can be cooled
effectively by conduction cooling. The thermal resistance in the
core is usually low and the hot spots in the core can be reduced
by cooling the external surface of the core. The core should be
thermally bonded over a wide area to a heat conducting support
or chassis connected to a sink. Care must be exercised to prevent
eddy current losses due to possible lamination short circuits at
the bond.

Increased cooling, together with size and weight reduction, can
be obtained by inserting metal heat conductors into the laminations
and windings. In one instance, the temperature rise was reduced
by 200C and the weight was reduced from 18 to 8 pounds by the uti-
lization of this technique (See Fig. 25).

D. NATURAL IE2TiDS C' COOLING ASSEMBLIES

The thermal design of individual assemblies should be based on two
fundamental concepts. The cooling technique should be such that a
given subassembly rejects a minimum of heat to its neighbors and, a
heat removal termination which is thermally matched to a "sink connec-
tion" must be incorporated. For example, several subassemblies devel-
oped at this Laboratory were provided with heat "sink connectors" as
well as electrical connectors and the temperature ratings of these
devices were based on the temperature of the heat removal studs at
the thermal connector (See Fig. 26)(Ref. 14). A typical subassembly
had a heat c ncentration of 2.1 watts/in. , a unit heat dissipation of
1/2 watt/in. and was rated for 150 0 C (500 hrs.life) or 1250 C (5000 hrs.
life) maximum "sink connector" temperature.

The primary cooling mode must be selected so as to provide a path of
low thermal resistance from the heat producing parts to the sink. Radi-
ation cooling is seldom used as a primary mode, since excessive tempera-
tures usually result and the heat is rejected into nearby subassemblies.
Convection cooling cannot be very effective unless large cooling areas
and wide part spacings are available. This is seldom the case with
miniaturized equipments. Conduction, therefore, appears to be the most
desirable natural heat removal means. Further, the heat can readily be
directed along a desired path.

Conduction cooling can be effective in two basic types of assembly
construction, viz., those units using plastic embedment anm metal
chassis.

1. Metallic Conduction Cooling

Metallic conduction is one of the most satisfactory modes of heat
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transfer from heab producin6 parts to the "sink connector" in a
miniaturized subassembly. 's previously stated, metals have high
thermal conductivities and it is therefore advisable to use metal
tube shields and other metal parts in the thermal circuits. Sev-
eral typical configurations follow:

a. ILetal block Chassis

This type of construction (see Fig. 27) involves a die cast
or a machined metal block chassis with the tubes inserted in
cylindrical holes near the cooled surface. The metal block
forms the outside of the case of the subassembly. Case wall
thicknesses of.0.125 inches are commonly used and thicknesses
of 0.25 inch have been used in equipments of high heat con-
centration. In this instance, the non-heat producing parts
are mounted in the center of the block. They may. be 7lpcs
at an edge of the block if desired. For maximum temperature
operation it is advisable to thermally isolate the tempera-
ture sensitive parts from the heat producing parts. However,
it is also necessary that the temperature sensitive parts be
thermally grounded by a separate path so that they will oper-
ate at the lower temperature level of the sink connector.
Note the difference between the good and poor designs.

b. Metal Chassis

M•etal cases and chassis are conruonly used. A typical design
is presented on Fig. 26a (ref. l4). These subassemblies util-
ized 0.030 inch thick copper cases and 0.020 inch thick beryllium
copper subchassis which were spring loaded against the inside
of the cases to accomodate expansion. The tube shields were
bolted to the subchassis near points of contact -4th the case
so that the thermal path was as short as possible. ,ith a
heat concentration of 2.1 watts per cu. inch, the temperature
gradients between the base of the tube shields and the heat
conducting studs ranged from 2 to 170 C.

i•any variations of this type of construction are possible.
The thermal design can be approximated by utilizing the data
presented under Item a. Unfortunately, the temperature
gradients across joints, rivets, etc., cannot be accurately
predicted. It is recommended that each configuration be
simulated and the temperature gradients across the discon-
tinuities be measured (see notes on contact resistance, Sec.V).

Hermetic sealing is frequently used to alleviate undesirable
environmental effects. ,n such instances it is advisable to
inert the subassemLly with a gas having a high thermal con-
ouctivity such as hydrogen or helium. An additional reduction
in the thermal gradient can thus be obtained.
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c. Non::cAtallic
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E. THE PlIACEI.EN1r OF ?,iRTS 4dTHIN ASM.=LE,ý

Ma~r e~oa bjefits can be ,.chie-red thY-.ug-h the job icious pl-cement, of
cItrC.-onic wiO:'L: a _ :,e!-,blies. In,~meJ it is desirable to locate

h., - oeurc z~ ~.near oshLto .hx .oolest sorface. This will
rovx.,ýe tcrý& L,- r "'t ,hermal fr om. toe soerce to the sink, together

;;it th . esicJ~r-'al grad~eni_ In ýrde"' to obtain maximum heat trans-
:or, le-t )roc-uci'ý part': cooled uy r~aiaior. anu cocucinsoll

Soe -nocited \ ' .ieie jor _Axes paallel to cooled surfaces. When
orneti u e is uti ' e L ,: kiirt3 should be mnounted

w~th hi.longe- :cacao-_ n. ic:xnpe vacuum tubes should
be ver~ical. becau~se, ias -encnal -hey wil pcrate cooler than w~
no-untee Io:'izant~ally

7iThen '.,eit 1roc lveectrcn-ic parts, coole-d by con, 7ction and radiation,
are runt l..ole:ely stOact -ape, so :.-.utual heat transfer cam, oc-
cuir by Catar, oeouo3 cona.uctacs~ anu d ecreased individual co: iection
coolin~,- Under tuese cn tioexcessýive operatiz-4 temperatureE can
easi~iy 'Je obta-Lned. iuch arau.i~en,,eits cw, oe very undesirable.

v.Ten iC is necesa-ý.ry t.o group cuc'u neAt po~uucin6 parts together, metal-
lic concu~ciion coo.lig,, Is recoo-,.n•~ned. Conduc;tion coolingý will greatly
reduce th,,e thermal interactio;n ana will perrait any practical. spacing
desired. If mealcconductior. cannot be provided, then the parts
s(vTh be ar-ranged hor.'zon~tally to fonr, a "lbank" of mini~u-i height. 11

vei- ;ucail stackir4- is neces-ýa7., '11'. te parts must be staggered.

.tesis toreý doe ~.e_-atý Y.'r,2n :cutdin .eo Fig;. .29 illustrates
tno or cent of utle fL- '-,t4_. the -,-.;cer of resistors in the

~ro'ip. Separate_ curves are -re,. for f ive dilff erent spLuciis ýAnc. in
ar' o' o: :h-ee or m.-o-e, the spacainl cetweeen resistors is identical.

Th p orcentaje stlsare sho,,A.- one for free air and tre: other for a

sevra rcooenedtec-.ricueo; ar2 -oosentpd in Fig. 30. Note that a
701i-hEL radiati'on shield( I-lc i thrmally bonded is provided be-
tween the -ectifier '_-be, rooth to:o and temperature sensitive Larts *

.aacrical aubte --cciv:c s cierriali. grounded is placed around
LL. ,oth-r vLCu-,-IIi uc to ota(r.se conveccson and part prote.-tion.

.en -ect_'fser:: ure- Lee sn-;cld announTcea -Nich their fins

F. Jj.,jjL7 MEMlLL6 OF CXLP11% KZIRMhIC bIxU IAE

Elcc trmtJc eui:~tcase. a..e occatsicnally ciesigned to dis simate -.heir
neat to th(-ý itEnvi,.-uj-ert 0", corvectaoon anu radiation. Such a coolirng
tecaLniz_-ee is5r tcI Provo(2,-:u thLe Lna;t heat dissiý:pation is low, or
'-,e amnbient air ~ u;:se tetunsu~&surrounding walls is
lowa,

Figs. 31a & 31b present the proidic~ted te:.-peratures for given case con-
figuirat:tons. Secti.or. IV presernts dzata fo.ýr computing the thermal capa-
city of this type of equipraent. case.
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VI. FORCED AIR COOLING

A. GENERAL THEORY

Forced air cooling of a heated surface is a more effective method of
heat removal than free convection. Increasing the air velocity past
a heated surface results in a decreased resistance to heat transfer
across the air film and increased cooling ihich may be several times
that for free convection.

Like free convection, forced convection is a function of several vari-
ables and the general equation includes the three dimensionless groups: the
Nusselt, Reynolds and Prandtl numbers. The equation takes the form:

Nu -C(Re) m (Pr)n (32)

The free convection equation included the Grashof number. For forced
convection, however, the Grashof number is replaced by the Reynolds
number which can be defined by:

ReLv__ or Lor (33)

whe re:

L is a characteristic dimension
V is the air velocity
eis the air density

Sis the air Viscosity
G is the mass velocity (pounds air flowing across a unit

area per unit time)

As in free convection, it is sometimes more convenient to use the Btu.-
pound-foot-hour-degree F system of units in calculations. These are
listed in Appendix A.

In general, the type of flow, either streamline or turbulent, is indi-
cated by the magnitude of Reynolds number. For example, for a fluid
flowing writhin a pipe, if the Reynolds number is above 3100, the flow
is turbulent and, if below 2100, the flow is streamline. The tran-
sition from streamline to turbulent flow occurs in the region from
2100 to 3100. The mechanism of heat transfer in streamline flow dif-
fers from that in turbulent flow, the latter producing the higher rate
of heat transfer. Since forced air cooling of electronic equipment
usually involves turbulent flow, this discussion does not include
streamline flow heat transfer.

1. Flow Nithin Tubes or Pipes

The equation for the film coefficient for turbulent flow of any
fluid within a pipe, except those having viscosities more than
twice that of water, is given by equation (34), (ref. 3). For
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flow within tubes, turbulent flow predominates when the Reynolds

number is greater than 3100.

hc . 0.023 k (DJ 8j8 ()* 4  (34)

Here the characteristic dimension is the inside tube diameter D.
For the Prandtl number varies little with temperature, and
equation (34) may be simplified by substituting 0.69 for the
Prandtl number which results in:

S= 0.0198 k (35)

Thus, for air being either heated or cooled within a pipe (exchang-
ing heat with the walls), the coefficient of heat transfer may be
approximated by equation (35). For other gases, equation (34)
should be used.

For ducts of non-circular cross-section, the equivalent diameter
De for use in these equations is defined by-

De = 4 x cross-sectional area (36)
cross-sectional perimeter

2. Flow of Gases Parallel to Plane Surfaces

The film coefficient for air flowing parallel to smooth plane
surfaces is given by:

hc (37)

Here L is the length of the surface and is limited to two feet,
even if the length of the surface is greater (ref. 11).

3. Flow of Air Across Wires and Cylinders

The equation for the film coefficient across a single wire or
cylinder takes the form:

kD" b5 (38)
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TABLE 6

(From References 16 and 17)

Constants for Use in Equation (38) for Round Cylinders

shud bv alute a th enomh riig i ufc ep

0.4 - 4 0.891 0.330

4 - 40 0.821 0.385

40 - 4,000 o.615 o.466

4,ooo - 40,000 0.174 0.618

40,00OO - 400,0OOO 0.0239 0.805

The constants b and re,are dependent on the magnitude of the
Reynolds number and are given in Table 6. The air properties
should be evaluated at the mean of the arriving air and surface temp-

eratures, and h is defined for the difference in these tempera-
tures. The arriving air velocity is the reference velocity.

4. Flow of Air Across Cylinders of Square Cross-Section

The equation for the film coefficient for air flowing normal to
the axis of cylinders of square cross-section is similar in form
to that of cylinders of circular cross-section. The constants b
and m depend on thie orientation of the cylinder with respect to
the direction of airflow and are given in Table 7 below:

TABLE 7
(From Reference 17)

Constants for Use in Equation (38) for Square Cylinders

Cross Section Reynolds No. b m

i[i 5,000 - 10,000 0.0921 0.675

K> 5,000 - 100,000 0.222 0.585

Note that the constant b for the flow parallel to a diagonal is
more than twice that for flow parallel to a site. Tht character-
istic dimension L is the diameter of a circular tube of equal
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cross-sectional perimter and b and m are defined as for flow across
wires and cylinders.

5. Flow of Air Across danks of Tubes or Circular Cylinders

The correlation of the data for the flow of air across banks of
circular cylinder tubes takes the same form as equation (38).
The Reynolds number, DVP4 4 , may be written as DG/a where G is the
mass flow rate in pounds per hour per sq. ft. of cross-section
normal to the air flow. The value of G in the correlation of the
data is that at the narrowest cross-section between the vacuum
tubes whether or not the minimum area occurs in th- transverse or
diagonal openings between tubes. Thus, Equation (38) becomes:

hD =_ b(DGm
k 5(39)

The constants b and m depend on the distance between the tubes,
the tube diameter and the arrangement, i.e., stagEerea or in line.
Table 8 gives the values of b and m obtained by Grisi'.-dson (See
Ref. 17) to be used in Equation (35) for banks of tubes 10 rows
deep. The tern SL and ST are the longitudinal and transverse tube
pitches respectively, as defined in Fig. 32.

Fig. 32

Tube Bundles with Tubes in Line and Staggered

In Line Stagered

S. .. Q- ®--- 0 -0

_0 -_ --_ 0_ 0-_-_ -- - -0- -0S- - I

0-0-0 -0- 0 ® -0-----
I I ,-0-0-0-0-0- -0 0--0,

-@- D Z®
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TABLE 8

Reynolds' Number Fun-tions for Sta8bered Tubes

Values of b and n to be used in zquation (3b) for Airflow
Normal to Tube mndles (Ref. 17) (10 row deep banks).

ST/ D

1.25 1.50 2.0 3.0

b m b m b m b m

Tubes in Line

1.25 0.348 0.592 1 0.275 0.608 0.100 0.704 0.063 0.752

1.5 0.367 0.586 0.250 0.620 0.101 0.702 0.068 0.744

2.0 0.418 0.570 0.299 0.620 0.229 0.632 0.198 0.648

3.0 0.290 0.601 0.357 0.584 0.374 0.581 0.286 0.608

Staggered Tubes

0.6 0.213 0.636

0.9 0.446 0.571 0.401 0.581

1.0 0.497 0.558

1.125 0.478 0.565 0.518 0.560

1.25 0.518 0.556 0.505 0.554 0.519 0.556 0.522 0.562

1.5 0.451 0.568 0.460 0.562 0.452 0.568 0.488 0.568

2.0 0.404 0.572 0.416 0.568 0.482 0.556 0.449 0.570

3.0 0.310 0.592 1 0.356 0.580 0.440 0.562 0.421 0.574

In general, increasing the number of tube rows in the direction
of airflow produces increased turbulence towards the rear of the
tube bundle. Hence, the heat transfer coefficients are greater
for the tubes in the rear. Table 9 shows the ratio of the mean
coefficient for N rows to that for 10 rows deep (see Ref. 3).
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TABLE 9

Ratio of Mean Film Coefficient for N ibws Leep to that for 10 Rows Deep.

N 1 2 3 4 5 7 8 9 10

Ratio for
Staggered 0.73 0.82 08. 0.91 0.94 0.96 0.98 0.99 1.00
Rows

itatio for
In-line 0.64 0.80 0.87 0.90 0.92 0.9)4 0.96 0.98 0.99 1.00
Rows

6. Flow of Air Over Spheres

For airflow over spheres, the film coefficient is given by:

hD _ 0.33 ,-)

7. General Heat Transfer Equation

The general heat transfer equation frr a flui6 flowing past a heated

surface is:

q - hc ALntm (hl)

where:

A is the area of the heated surface
Atm is the mean temperature differen e between the surface

and the air.

Since the air increases in temperature when flowing past a heated
surface, the final air temperature must be evaluated by a thermal
energy balance and the mean temperature difference then approximated
as the average air temperature minus the average surface temperature.

The amount of thermal energy absorbed by air is given by:

q - wcZt (42)

wne re:

w is the airflow rate in pounds/hr.
c is the specific heat in Btu./(lb.)(°F)

Lt is the air temperature rise in OF
q is the heat rate in Btu./hr.
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For air, w is given by:

w - 60 x x43)

where :

cfm is the airflow in cu.ft./min.
is the air density in lbs./cu.ft.

The flow rate in cfm is equal to the average air velocity times
the net cross-sectional area normal to the directional flow, or

cfm-WV (44)

V is in feet/min. and A in sq. ft.

The density of air is given by the following:

ý - 2.7 t (45)

ivhe re:

p is the absolute pressure in lbs./sq. in. (or barometer
in in. of mercury/2.036)

t is in OF.

It is important to note that equations (41) and (42) are the two
basic equations which enter into heat transfer problems involving
forced convection.

8. Heat Transfer vs. Cooling Power Requirements

The power required to force air over objects ana through ducts and
heat exchangers varies directly with friction or pressure drop.
High rates of heat transfer are brought about by high air velocities
but high air velocities result in high friction. Hence, the price
to be paid for high heat transfer rates is the relatively large
cooling power requirements.

Ref. (8) presents design charts for the forced air cooling of banks
of electronic tubes based on the minimum cooling power requirements.
This work is useful in designing for optimum conditions and ref-
erence to it is recommended. iurther, pressure drop charts, to-
gether with typical examples, are presented.
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B. FORCED AIR COOLING DESIGN

1. Use of Forced Convection Equations in Electronic Design

A relatively simple problem is presentea in the iollowir4 _ct..,
to illustrate heat transfer calculations for air flowinr, oý,er a
small electronic box. The problem involves one in wnich thc con-
figuration is already given and not one of :eterminin4 the best
configuration. For more aetailed information on osuimrum ae: icn
methods. see ief.A.

a. Example 5

Use of Forced Convection Equations

an electronic box, 2 1, 2 in. square by 4 in. hfgh, is locatec
within a 4 1/2 in. square passageway in an eiectro.nic as-
sembly. The bottom of the box rests on the bottom of the
passageway. A top view is shoan.

Problem:

If 100 cfm of air at 49 0C (120 0 F) is available and if the
surfaces of the box are at 93 .30 C (20o0 F), how much neat
can be dissipated from the sines anu toc of the box by forcec
conve cti on?

area of passageway: D_.5 x - 0.lbl sq. ft.

Arriving air velocity: L-O cfm - n

or: 709 x bO =42540 ft./hr.

Approx. average film temp.: 200 + 120 = lboOF
2

Properties of air at 160OF (from Table 18 appendix •)

k = 0.0172 Btu./(hr.)(ft.)(°F)
= 0.064 lbs./cu.ft.
= 0.05 o b.i(ft.)(hr.)

Equivalent diameter of box = diameter of circle of equal
perimeter

Perimeter of box = 2.5 x 4 = 10 in.

D 10 i 0.265 ft.
7T x 12
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Reynolds namber: DVP 0.265 x 42,600 x 0.064 - 14,400
.14 0.050

Film coefficient: Substituting in Equation (38) using con-
stants from Table 7

h x 0.265 - 0.0921 (14,300)0"675

0.0172

h -3.82 Btu./(hr.)(sq.ft.)(°F)

ýrea of box: Sides 4 x 2.5 x 4 = 40 sq. in.

Top 2.5 x 2.5 - 6.25

Total 46.25 sq.in. - 0.321 sq.ft.

Temperature difference: Since h is defined for the difference
between the surface and arriving air
temperatures, the At iss

A t - 200-1200 - 800F

Heat dissipation by forced convection:

q - 3.82 x 0.321 x 80 - 98 Btu./hr.

or 9 - 28.8 watts

Air temperature rises

Air flow - 100 cfm x 0.068 x 60 a 408 lbs./hr.
Specific heat of air - 0.241 Btu./(1b.)(°F)
Air temperature rise - 98 1.0 0 F0.241 x 4-67 lO°

b. Comparison with Free Convection

It is of interest to compare the dissipation by forced con-
vection in Example 5 with that by free convection. The en-
vironmental temperature surro undjng the box is assumed to be
1200F. The following calculations are based on the free con-
vection chart (Fig.ll).

Film Coefficient
Area Significant Watts/ Watts

Surface Sq.in. Dimension (sq.in.)(Oc) Dissipation

Top 6.25 2.5 x 2.5 . 1.25 0.325 2.03
2.5 + 2.5

Sides 40 4.0 0.182 7.28
97T1 Total

Thus, in this particular case, about three times as iuch heat
is dissipated by forced convection.
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c. Surface Temperature Variation

The equations for the film coeffice-ie of •ir unaer :QLrcec
convection all presume an isotnerpal surface. Hoc;ever,
electronic parts, ouch as taoes, resistors ano enclosirn
boxes, uo not have isotherr:al surfaces, •nu consiiaerable
surface teznueratur2 variation -ky exist. This temperature
variation is not only a function of tne internal structure
of a part such as a vacuum tube, for exausle, but may vary
with the manner in which it is cooled. A small box conta:in-
ing electronic parts usually is hotter at t1.e top than at
the bottom. Since the unit cLssipat. mn is a function of -hi-
difference between surface anu air temperature, an aveiage
temperature imist be used. If the maximum or hot-spot temp-
erature is used, an erroneous and too high a calculated heat
dissipation will result.

There are no exact rules by which the average temperature
of a heated part or container can be calculated. However,
a reasonable estimate is usually satisfactory. InformUtion
on this matter is included in Section X. Also, Ref. 'I0)
presents some data related to the temperature distribution
over the surface of four vacuum tube types cooled by sýveral
methods.

It is possible to obtain an av';rage temperature by direct
experi.ent. Thermocouples can ,l a:ced on the surfoees af
an object amla an average te:•nerature can uý calcuL tec. on
an area-weighted Lasis. Such a test snoulc De conc:uuteu
with whatever coolin, .:ethou is t- bts used. Nith forced
air convection, the coolir, is :noct effective where Ue air
is directed againt te nottest surface.

2. Finned Surfaces

The effectiveness of forced air cooline unaily can be increased
by providing extended surfaces or fins over wrhich the air iJ di-
rected. The general theory is that the fins provide aaCitional
heat transfer surfaces which more t*han compensate for the small
increased resistance to heat transfer offered oy the metal of
the fins.

The mathematics of fins is involvec anc, will not be .resented
here. Excellent treatnent of extenced sorfaces is given in Aef.
(16).

There an- several important general factors to consider. The ex-
tended surface should be of a good heat conducting .retal. The
fins should be either integral with the part or bonded to the part
in perfect metal to motal contact so that there is a minimum of
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contact resistance. Short, rather thick, fins are more effective
than long, thin ones. The temperature drop from the base to the
tip of a long fin may be appreciable, and tends to make the fin
less effective. Where applicable, weight and space requirements
should also be considered.

3. Sealed Cases With Internal Forced Convection

Electronic assemblies in sealed cases with internal air circula-
tion are frequently used with airborne electronic equipment. The
cases usually employ an internal blower to provide forced air
circulation over the electronic parts in order to transfer the
heat to the case effectively. There are a number of variations
of such sealed cases, including integral heat exchangers and ex-
ternal blowers (Ref. 20 and 21).

The application of sealea units permits pressurization so that
effective forced convection can be maintained at high altitudes.
The film coefficient for forced convection varies with the air
density to a power close to unity. Hence, at high altitudes,
convection can be effective only if the case is pressurized.
Also, gases having higher film coefficients than air might be
used. Helium) for example, would have a film coefficient of the
order of five times that for air based on the same mass flow rate,
lbs./(hr.)(sq.ft.). Thus, the use of gases other than air offers
increased cooling potentialities.

The use of sealed cases has largely been confined to relatively
large containers. However, the advent of extremely small blowers
should make possible the application of forced convection to re-
latively small sealed cases.

C. PRESSUFE DROP AND COOLING PM(ER REQUIREMENTS

1. General

An important consideration in forced air cooling is the pressure
drop required to force the air through the ducts and passageways
and over the parts or cases to be cooled. A fan or blower * must
furnish this energy which, in turn, is usually supplied by an
electric motor. The power requirements may become excessive and
the electroniedesigner must realize that forced air cooling re-
quires the expenditure of power. Further, this power is ulti-
mately dissipated as heat which may add to the overall cooling
problem. Detailed treatment of this rather complex subject is
not included herein, and only important general considerations
are reviewed.

* Note: The terms "fan" and "blower" are used interchangeably.
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2. CoolinL Power Requirements

As previously mentioned, high air velocity results in hibn filn
coefficients. To obtain air movement a fan or blower i4 re-
quired to increase the pressure of the air until it is eqoai
to the pressure drop or resistance of the system. The power re-
quired for a given system is a function of the flow rate and
system pressure drop and is given by:

Air horsepower (AHP) = 0.000157 cfm x static pressure drop

where:

cfm is the air handled in cu.ft. of air per minut~e
The static pressure drop is in inches of water.

Since the efficiency of a fan is less than unity, the requirec
fan horsepower is given by:

Fan horsepower (F9HP) = 0.000157 x cfm x static pressure drop
fan static efficiency

where:

uie ian static efficiency is expressed as a decimal, or

a.117 x cfm x static pressure drop

Natts input to fan 1
faai static efficiency

3. Fluid Friction & Pressure Drop

The fan must be selected to deliver the required air flow at a
pressure equal to the sun of all the presoure losses of
system. In addition to the resistance to flow offered sy the
electronic parts, whether heated or not, the prcssure loss or
drop must be estimated for each item in the flow path, including
all ducts, elbows, enlargements and contractions. karther, if
a heat exchanger is used to cool the air, this resistance ,Mst
also be considered. Resistanc. to flow witnin trbes or pipes
and ducts, elbows and over pipe bundles can be calculated. For
this, there are several available references. such as Rqf.(3ý
It is difficult to calculate the pressure drop through densely
packaged electronic equip-ents. This resistance probably is a
major percentage of th- total and it appears that it can be
accurately determined only by test. Such test procedures and
methods are described in Ref. (6).

The resistance to flow is proportional to the square of the air
velocity. Thus, fcr a fixed duct and electronic package cesign,
the resistance is proportional to the square of the air flow.
For example, in a fixed design, if the air flow is doubled, the
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resistance quadruples. Also, since the power required is propor-
tional to airflow times resistance, the power becomes eight times
as great.

4. Conversion of Cooling Power Into Heat

The power required by the fan, that is, the power defined by equa-
tions (47) and (4S), goes into the air to increase its pressure,
velocity and temperature. It is conservative to consider that all
of the input power is expended in increasing the air temperature.
The approximate temperature rise of the air due to fan power input:

t - 177 x fan horsepower (49)
cfm x density of air

whe re:

L t is in OF

air density is in lbs.=cu.ft.

For low pressure systems this temperature rise is usually small.

The losses of the motor, expressed in terms of power, are dissi-
patez! in thc lorn zf heat. If the motor .s located outsice of the
air stream, such as one driving a centrifugal fan, then the losses
of the motor are dissipated as heat to its environment. Since
motors must also be maintained at safe operating temperatures,
ventilated motor spaces may be required to prevent, for s-sple,
excessive temperature rise. On the other hand, if the motor is lo-
cated in the air stream as, for example, in the case of an axial
flow fan, then the entire input to the motor is dissipated to the
cooling air in the form of heat.

D. FANS AND BLOWERS

1. General

The terms "fans" and "blowers" are usually used interchangeably
and, in this manual, these terms will be used to cover all air
moving apparatus. Reference (6) contains a comprehensive section
on fan performance and selection and only a general discussion is
presented here.

There are two types of fans: the centrifugal fan and the axial-
flow fan. The type to be selected for a specific cooling problem
is dependent on several factors, such as airflow and pressure
requirements, efficiency, speed, space, the air ducting system,
noise and fan characteristics.

2. Centrifugal Fans

A typical centrifugal type fan is shown in Fig. 33. The three
important parts are the housing conLaining the air inlet and out-
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let, the rotor containing the fan blades, in, the external driving
motor. The air enters the housinL normal to the side ana is dis-
charged in a direction perpendicular to the axis of rotation.

1-1 UUSINGE,44 O U5 / /V G / ui• "• • -- "

RO~cTOR-
11VLE T'

Fig. 33 Typical Centrifugal Fan

The centrifugal fan usually is more adapted to hi-4- rressure re-
quirements.

3. Axial-Flow Fans

Axial-flow fans are of two types: the so-called propeller type,
shown in Fig. 34, and a more efficient design shown in Fig. 35,
commonly considered to be more truly an ayial-flow fan.

,,-0oroe- R , !• J ,-."F,._ T i roe -"

I I

Fig. 34 Fig. 35

Propeller Type Fan Axial Flow Fan

There are several types of construction but all are typified
by straight-through flow of the air. The axial-flow fan is of
mora efficient design and is a higher pressure fan than the
propeller type.
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4. Fan Characteristics

57,,:7I ST4T/C PRES5 5URE

,•/lR A4-L 0 k.V C FA4

Fig. 36a Characteristic Curve of a Centrifugal Fan at Constant Speed

Fig.3ba shows typical performance curves of a centrifugal fan
runni• g at constant speed. hhile there are various types of
both centrifugal and axial-flow fans which have different
characteristic curves, in a general way, Fig.21a is typical.
With the outlet blocked there is no airflow and usually maximum
static pressure. At maximum airflow or free delivery, the
static pressure developed is zero. There is some point between
these two extremes where efficiency is a maximum and, where
power is Lmportant, the fan should operate at near maximum ef-
ficiency. This requires that optimum fan tye,, size ana speed
be selected to celiver the specified airflow and static pressure.
In other words, the fan rmst be well matched to the system re
quirements.

S. Interrelation Between System Resistance and Fan Performance

In order to show the relation betwcen the duct system resistance
characteristics and the fan perforiiiance, Fig.36b,is presented:
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First consider the "system" resistance curve. This is the static
pressure - airflow characteristic of the forced air Guoling system.
For example, point "A" shows that at m cfm airflow through the
system, the required static pressure is n inci~es of water at a
given air density. The pressure drop varies as the square of the
airflow rate so that the system resistance is a squared curve. The
system rating point is that where the system resistance curve crosses
the fan static pressure curve or, in this case, point "B". Thus, the
airflow will be m' cfm at n' static pressure. It can be seen that it
is important to select the fan so that its static pressure curve
passes through or near the system resistance curve at the desired
airflow and pressure near peak efficiency (if efficiency is important).
Further, the speed and noise level must also be considered. Refer-
ring to the example in Fig. 36b, if point "A" were desired but a fan
was used having characteristics as shown, the airflow actually de-
livered would correspond to that at "B" and the horsepower would be
necessarily high. Hence, judicious selection of fans is important.
The fan or blower manufacturer can be of great help in proper fan
selection and it is suggested that his advice on difficult fan prob-
lems be solicited.

E. COLD PLATE HEAT EXCHANGERS

A cold plate heat exchanger is usually a cooled plate, chassis or panel
on which are mounted the electronic assemblies and subassemblies. The
plate may be cooled by forced air flowing through tubes which are in
intimate contact with one side of the plate, or the plate itself may
consist cf a "sandwich" type heat exchanger through which the air is
forced. The heat from the individual parts is usually transferred to
the surfaces of the subassemblies by natural methods.

The inherent design requirements of a cold plate are such that elec-
tronic boxes and parts must be placed in intimate contact with the cold
plate heat exchanger to provide a low resistance heat path from the
metal boxes through the plate into the cooling fluid. This requires
careful and, perhaps, expensive construction. The plates are particu-
larly well adapted to applications wherein free air convection is poor
due to low air density and radiation is reduced due to high environment-
al temperature. Thus, if hermetically sealed electronic components are
mounted in good metal to metal contact with a cold plate, effective
cooling can be obtained.

When air is used as the coolant in the cold plate, the air flow within
the tubes or heat exchanger passages must be highly turbulent to de-
crease the resistance to heat transfer offered by the air film. This
causes a relatively high air pressure drop with consequent high power
requirements. Air plates described in Refs. 18 and 19 were designed
for pressure drops as low as 0.1 psi and as high as 10 psi. It was
concluded that 0.5 psi is the most practical, since duct sizes become
excessive below and power requirements above the 0.5 psi drop. Design
data including mathematical prediction methods are also presented. The

69



actual performarne of chassis of various sizes has been measured.
Configurations and heat dissipations were within 15 percent of that
predicted.

A low resistance path must be provided by conouction between subas-
semblies and the surface of cold plates. Thus, it is necessary that
the cold plates and subassemblies have smooth and flat contact sur-
faces. If care is not exercised in this regard, the contact resistance
to heat transfer can be excessive and the thermal advantages of the uti-
lization of cold plates may not be realized. It has been found that it
is necessary that cold plates be stiff and rigid so that no mechanical
distortion will occur when the subassemblies are firmly mounted. The
method of attachment of the subassemblies should provide maintenance
accessibility and be such that component replaceme•.. may be accomplished
with a minimum of effort.

The subassemblies may be attached to the plate by bars and through-
bolts to provide good metal contact. Cold plates have been built with
heat dissipation capacities ranging from 300 to 800 watts per sq. ft.
of effective plate area. In one instance, the problem of temperature
rise across the contacting surfaces between cooled chassis and component
subassemblies was overcome through application of silicone grease. This
method replaced any existing layers of air with a material having a
thermal conductivity from 50 to 100 times greater than air.

Because of the difficulty of predictin6 analytically the performance of
cold plates, it is usually necessary to construct several experimental
plates in order to determine the exact design parameters. In one in-
stance (Ref. 18), a cold plate which was fabricated by milling slots
in a thick aluminum plate and screwing a cover over the top to form the
cooling passages was found to be unsatisfactory. Subsequent cooling
plates were made with plate-and-fin-type heat transfer surfaces of dip-
brazed aluminum with inlet and outlet headers. A variety of internal
arrangement types were constructed with different fin configurations.
A heat dissipation of 1.0 watt/sq.in. of cold plate surface area was
obtained, using air at sea level pressure. Both sides of the cold plate
were used. Hence, a 12" x 12" cold plate could dissipate 12 x 12 x 2 -
288 watts total. In order to minimize the temperature drop between the
electronic packages and the cold plate, clamps were required to provide
adequate contact pressure. The major difficulty encountered daring this
development was in maintaining the surface flatness of the cold plates.
See Fig. 37.

While most of the current literature deals with cold plates for high
altitude airborne electronic equipment, the basic theory and design
techniques to be used for sea level operated forced air cooled cold
plates and for liquid cooled cold plates are similar.

In general, there are three major thermal resistances to be considered
in cold plate design. First, there is the resistance from the heat pro-
ducing part to the metal wall of the case. This may be the greatest
and, perhaps, the controlling resistance. It can be minimized by
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AIR COOLED COLD PLATE

Fig 37
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filling the container with a better heat transfer medium. such as
silicone fluid, or by providing conuuction paths of metal from the
surface of the part to the container walls or by a comL ination of
the two. The second major resistance is that formed at tht± ju,,ction
of the container and the cold plate. This can be minimized by inti-
mate metal-to-metal contact under pressure. The third resistance is
that offered by the coolant flowing in the cold plate heat exchanger.
This may be relatively hi6h. If air is the fluid, its flow must be
turbulent to be at all effective in reducin, this high resistance.
On the other hand, if fresh water is the coolant, the resistance
would be made relatively very low, in which case the first resistance
(part-to-case) would probably control the rate of heat transfer.

Care must be used in determining the pressure drop in air cooled cold
plates. Several of the current techniques for measuring pressure
gradients appear to be questionable. The pressures should be measured
in the main ducts at points of laminar flow not in heauers ano nozales
where pressure probes will inuicate a range of values qependent upin
their location.
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VII. LIQUID COOLING

A. GENERAL

Liquid cooling systems are applicable for use with electronic equip-
ments which are to be designed for operation in thermal environments of
high ambient temperature or with high heat dissipations. In general,
liquid cooling can be four or five times as effective as forced air
cooling. Liquid cooling systems may be basically classified as either
direct or indirect. In a direct system the coolant is in direct con-
tact with the electronic parts. Heat is conveyed directly from the
heat producing parts to the coolant, which serves as the vehicle for
transferring the heat. In this case, the liquid is the primary mode
of heat removal from the parts. In an indirect system, the liquid
coolant does not come in direct contact with the electronic parts.
Heat is removed from the parts by natural convection, conduction.
radiation or forced convection to a liquid cooled panel or heat ex-
changer.

Liquid coolant systems may be divided into five types which, listed
in their approximate order of complexity, are:

1. Direct liquid immersion
2. Direct liquid immersion with forced circulation
3. Indirect liquid cooling
h. Direct spray cooling
5. Composite indirect liquid cooling systems

1. Shipboard Applications of Liquid Cooling

In recent years the miniaturization of equipment and increased
power dissipations have increased the heat :oncentrations of elec-
tronic equipment within enclosures to the point that the limit of
shipboard air conditioning and ventilation systems has sometimes
been exceeded. In addition to exceeding the thermal limitE )f the
electronic components, the high heat concentrations have made
small rooms or cabins almost uninhabitable for personnel. With
continuous liquid cooling systems, electronic equipments in en-
closed spaces may be cooled without adding heat to the ccmpartments.
This may simplify the ventilation problem. Perhaps the most prac-
tical form of liquid cooling for miniaturized shipboard equipment
is the cold plate heat 3xchanger to which subassemblies may be
attached. The subassemblies should be designed for cooling by
natural means with a path of low thermal resistance to their base
for transferring the rejected heat into the cold plate. Alternately,
the subassemblies may be forced air cooled to transfer their heat
into an air to liquid cold panel heaL exchanger.
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2. Coolants

There are a nu.m-ber of volatile lqcids that can Le generally
classed as licui& ý ol.ts. chi-ever. 'h> section pertains orly
those liquids whic.h are highly stble and non-volatile at the se-
lected operating temperature and do not uncergo a change in state.

3. Heat Exchangers

The design of heat exchangers has not been emphasized in this
Manual. The heat exchangers which are discussed in this sestion
are based on the desig.n assumption that, on shipboard, fresh cool-
ing water is available at 35 0 C and in sufficient quantities that
the secondary coolant in the heat exchanger will have about a 30C
temperature rise. The temperature of the coolant leaving tne
heat exchanger should not be lower than auout 3d°C. If tY.-, coc-
ant is at a lower temperature, the pipine :nay be below the oew
point temperature of the ambient air, an.a condensation of atmos-
pheric moisture may take place, being apparent in extreme case-
as "sweating" of the pipes and associated clectionic equipment.
Condensation must be avoided, especially when elect-onic equipernt
is located in compart-ents having air of high hur..,Ldaty . -

cause of this condition rhe higher coolant temperatures (3500)
have been selected for use in design examples. For operation in
the tropics, it is recommended that 500C coolant temperature be
used in order to prevent conuensation damage aboard ship, in ve-
hicles and in all grouna tas d equipment,

B. THEORY

1. General

As previously mentioned, electronLc parts rn.rmally dissipate heat
by radiation, free convection, metallic conduction and, where the
spaces between parts are small, by gaseous conduction. Whcn the
surroundinL fluid is a liquiu, the effects of radiation
dissappear and the heat is dissipated by coibined free con-
vection and conduction. The gaseous conauction effect is present,
particularly in densely packad units In free air considerable
heat transfer between short vw-:tical surfac-s occurs by gaseous
conduction for distances up to •bout 1/4 inch. It is probablh
that a similar situation exist. when a liquid, rather than air,
is the surroundin, fluid. Thus, both high thermal conductivities
and convection coefficients ar, cesirable.

The equations for free convection from unconfineu surfaces given
in Section V •re applicable to any flui-, gseous or licuid. Un-
like air, however, simpilfiec ch-rts -re not availaule for free
convection in liquids and equations icu-,t be used in .rstinating
the film coefficients. The general form of the equation for free
convection from an unconfined surface is also given in Section V.
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The analogy is useful in determining the relative value of the
At's across each resistance. In the example discussed here,
the resistance due to conduction across the metal walls of the
box is probably small, in fact, almost negligible compared with
the parallel resistance combination of R and R due to free
convection in air and radiation. Since ýie resistance due to
free convection in liquids is considerably less than that for
air, R and R^ each will be considerably smaller than the R4
and combinltion. Thus, the main resistances in this instance
willbe caused by the free air convection and radiation combina-
tion with a relatively smaller contribution to the overall R due
to R1 and R2, the R3 (metal walls) being negligible. Thebt's
across each resistance will correspond to the relative values of
the resistances. This "relative resistance concept" should al-
ways be kept foremost in mind. In the liquid filled box example,
a given q or wattage dissipation may cause the surface temperature
of the part to become excessive, due to the poor heat transfer
properties of the free air outside the box, in spite of the much
better heat transfer propertisof the liquid. It is important to
consider the overall heat transfer problem and the effect of a
high series resistance far removed from the part in question, on
the surface temperature of that part.

2. Example 6

To illustrate the use of heat transfer calculations, the follow-
ing example approximatinb the average surface temperature of an
electronic part immersed in a liquid is presented:

Given:

A thin metal case 1 1/2" x 3/h" x 3 1/2" high is painted
black on the outside and suspended in free air at 1000C.
All surfaces which the case "sees" are assumed to be at
100 0 C.

Three subminiature vacuum tubes, each approximately 1 3/4"
high by 3/8" dia. (bulb surface area of 2.18 sq. in.) are
within the case which is filled with silicone fluid (550-
DC, 112 centistoke grade). Each tube is to dissipate 3.5
watts and it is assumed that conduction through all lead
wires is negligible.

Problem:

Approximate the average bulb surface and hot-spot tempera-
tures.
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T

'oluti on:

First step: Determine the average outer case tempe-wre.

q - 3 - 3.5 watts x 3.413 Btu./hr./watt = 35.8 Btu.,hr.
area of case, A = 18 sq. in. = 0.125 sq. ft.
fhe 35.8 Btu./hr. must be dissipated from the outer surface
of the case by combined radiation and free convection. The
determination of this terperature is made by a triai and
error solution: F1  1

q by radiation: qr = 0-173A Fe Faj 7 -0 (2L)

q by free conve.tion: qc = hc0 t (ts - ta) (3)

The value of T. must be deteniiined such that - =

Btu .,hr.

Radiation:

Z = 1 sq.in. 4 .125 sq. ft.
Z = 1.0 (assu.ming case situateo in :ula~ively L L: •!-cc-)

Fe = emissivity outer case = O.b5
ta = 1001C = 212OF
Ta =460 + 212 - 672 0R
Ts = ts + -oe ,4

Thus qr 0.173 x [.125 x O.5 x 1.O( -(-2)

q- = 0.0184 -

[(--100) (50)

Convection: The film coefficient for a vertical surfac'o.
differs from that for a horizontal surface facing upw:ardis;
likewise, for a surface facln doiwnard. T, simplify i1.i.
part of the problem, it is assumed that the film coefficient
for a vertical surface is the avw.rage over the entire surface.
The equation for the film coefficient for a vertical surface
is:

hc 0 0.55 ý (a LAt)
k = thermal cinductivit
L = height, of case = = 0.2,2 ft.

12
Lt = ts ta = ts - 2120 F.

a = free convection rtooulus
Substituting (19) in (3), usinb the above value.:
qc = 0.55 k (a x 0.2923",t)1/4_ (.125)9At (51)

0.292

or

qc = J.0937 k al/h4t5i/4 (52)
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qt qr + qc = 0.0184 4 - 2045 + 0.0937 k(a) l// )

= 35.3 Dtu/hr.
Assume:

= t 70'F
t-212 + 70 - 28207

460 + 282 - 7420R
Av. film t - (282 + 212)2 - 247°F
k @2470 F - 0.0192 Btu./(hr.)(ft.)(°F)
a @ 2470F -0.425 x 106
qr 0.0184 [(7.4* - 2045] = 18.3 Btu./hr.
qc =.0937 x 0.0192 x (0.425 x 106) x 705/4= 9.3 Btu./hr.

Total - 27.6 Btu./hr.

It is seen that a surface temperature of 282 0 F allows only 27.6
Btu./hr. to be dissipated from the case. Therefore, a higher
surface temperature must be assumed.

Assume:
6t = 90°F av. film t - 257°F

ts = 3020F k 6D 257°F = .0194
Ts = 7620 R a @ 2570F = 0.40 x 106

By similar calculation:

qr = 24.6 Btu/hr qc - 12.7 Btu/hr.

qtotal = 37.3 Btu/hr.

Interpolating at 35.8 Btu/hr.:

dt = 86.90F

and ts = 212 + 86.9 = 2990F

Second Step: Conduction through metal walls. Assume metal walls
are of steel 0.0375" thick:

k for steel = 33 Btu/(hr.)(ft.)(°F)

Then, since q = 6tA (54)
J.
k

t - 35.8 x 0.0 3 7 5 1 =0.0270F12 x35 -07

Thus, the steel walls offer a negligible resistance to heat
transfer and can be completely disregarded.
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Third Step: Determine the silicone fluid temperature. The
heat transfer between the silicone fluid ana tWe metal waiz>
is assumed to be by free convection, although the prodlem is
complicated due to the confinement of the liquid. again
equation (52) is used to estimate theft. Since the siliccne
fluid is better than air in free convection, theAt between
the silicone and walls will be considerably lower.

Assume:

St = 20°F
tsilicone = 299 + 20 = 319°F

av. film temp. = 299 + 10 = 311°F
k P 311OF = 0.0703 Bt /(hr.)(ft.)(°F)

a 311OF - 2.33 x 10t
A = 0.125 sq. ft.
L - 0.292 ft.

Thus: q = 0.0937 x .0703 x (2.33 x 1oS)l/h(20)5/L

q - 3h.5 Btu/hr.

This is close to •h required 35.8 Btu/hr. so
Lt (approx.)- x 20 = 20.8, say 21°F

Thus, silicone temp. = 21 + 299 - 320°F

Fourth dtep: betenmine uvcraoe envelope temperature.
Again, the heat transfer process is assumed to be by free
convection in spite of confinement and dense packaging.
Since, for small electronic parts, the values of C and m
are equal to 1.45 and 0.23 respectively, the equation be-
comes: (See Section V).

q = hcAt -l.h5 (aL3 t) 2 3  AAt (21)(22)
k 3.23( 12

or q = 1.451 (aL3) 2(t)l.23

vhere : L for tube - height = 1.75 0.146 ft.
12

A - 3 x 2.18/114 = 0.0454 sq. ft.

Thus, q - 0.12k(a) 0.23( 6t)1.23

Try: e2t = 30°F

tenvelope - 320 + 30 - 350OF

av.film t - 320 + 15 - 335?F
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k 9 335F =o.0095
a C 3350F = 2.65 x 106 .23 1.23
q = 0.12 x 0.0695 x (2.b5 x 10 ) x (30)
q = 47.b Btu/hr (this is too hi6ii)

Try:

tenvelope = 320 + 24 = 3U44F

av.film t = 320 + 12 = 332°F
k C 332 0 F = 0.0696
a® 332°F = 2.61 x 108  8023 123
q = 0.12 x 0.0696(2.61 x 10 )0 (24)
q = 36.1 Btu/hr.

This is close to the required 35.8 Btu/hr., so at is approxi-
mately 2h0 F. Thus, the average surface temperature of tube
envelope is 320 + 24 = 34,40F or 173 0 C.

It must be noted that the 173 °C is an average temperature and
does not represent the hot spot temperature. The ratio of
maximum temperature rise (hot spot minus fluid temperature) to
average temperature rise varies with the shape and type of tube
and method of cooling. For free convection, with subminiature
tubes, the maximum temperature rise occurs slightly above the
midpoint and is about 15 per cent greater than the average
temperature rise. For miniature tubes, it is about 22 per cent.
Thus, in the foregoing example, the maximum temperature rise is:

1.15 x 24°F = approx. 28°F

Maximum tube temp. = 28 + 320 = 3148F or 176°C

The 176 0 C maximum bulb temperature must be considered only as a
fair approximation, due to the many assumptions and complexi-
ties involved.

3. Comparison of Fluics in Free Convection

An interesting comparison of several fluids in free convection,
based on experimental work, is given in reference (10). This
comparison is given in Table 10. To unaerstand the table, the
experimemtal set-up and conditions must be explained.

The test apparatus consisted of a closed cylindrical container
in which seven f5763 miniature tubes were located, all equ'-
distant from each other; i.e., six tubes surrounding a middle or
center tube, all tubes in the vertical position. The container
was immersed in a controlled temperature oil bath. Four fluids
were tested; air at sea level pressure, silicone fluid, trans-
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former oil, and Freon-113. In all tests, the fluid temperaturc
was maintained constant as was the heat disixuion fro:. *he
center tube ana wtal heat di -:2,aon fror:i tLue test conttine'.
Th, container :.-i tei:,, :-.tu.re _j v.ri "
discipatin for th. co.nsta-' fluic te..crature.

Ta3LE If!

Comparative Heat franui> r Ldta for Air, 6ili, cnr
Fluid, Transformr r Oil, anr Freon in Milti-Tubt

i•pparatus

Fluid temperature 1300C
Unit heat dissipation 3 watts/sq.in.of tube envelo.
Total heat dissipation from enclosure 115 watts

Tube Surface Enclosure Wall

Fluid Temp. Temp. Surface Temp.Drop Temp.
Rise 0C Heat (Belo'.r luid) OC

Over Transfer °C
Fluid Coefficient

°C Watts/ (sq.in)
I_ _(0c)

Air (Sea Level 9 105 235 0.029 2148 -i8

Silicone Fluid 19.1 L49.l 0.157 31 99

Transformer Oil 13.5 143.5 0.222 19 ili

Freon - 113 5.6 135.6 0.535 7 123
4---..-

Table 10 shows the great advantage obtained in using a liquid
rather than air as a mediura of free convection. In the experi-
mn-ts the enclosure wa~ll had to be maintained at -18oC using
air as the fluid whereas, for transformer oil, the wall tempera-
ture could be raised to 1110C for the same fluia temperature ana
heat dissipation. Also, the tube surface temperature for air was
235C and it was only 143.5 0 C for the transformer oil.

C. DIRECT LIQUID IbM.RSION

1. General

.k simple direct liquid cooling system is shown in Figure 39. The
, ectronic parts of "lie subassembly are completely i~mmersed in a
fluid, such as DC-200 Silicone fluid. The heat is transferred
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from the parts to the surfaces of the containei ry free convec-

tion and molecular conduction in the fluid. ;adiat' it tr th
heat producing parts is nil. This type of subs,,! a ie
designed to dissipate a inax-rmim c- tlh order 1- 1n< If I tt
per square inch of effecl`_%.-eý surfac-e _7e ,• r:•ar-ný• ru:

as twc or three watts per cubac inch m,.fý.cýfl ' fI -eet
coolirn is applied,

Free convection currents are Lroou.zea in : ,n u

lowing n;nner?- Upon conta.- '.-;ith the hotter -urfa, c.f %ne o.lec-
tronac parts, the coolant, ilu1u expanas, reducing its ucrnsity.
The coolant rises until it comes in contact with t•n colder cur-
face of the container where the heat is removea. The fluid con-
tracts, increasing its density, and falls. In free convective
cooling, the temperature aistribution is not uniform, the tempera-
tures are low at the bottom of the container ara gracuuxJly increase
to the highest values near the top,

2. Design Uonsiderations

The uesign problems encountered in a liquid irmmersed subassembly
incluce hermetic sealing, provision for expansion of the liquia
coolant, vapor pressure, strenbth of the container, ease of re-
pair, removal of the coolant from the parts, orientation of parts
and the effects of the coolant on the function of high frequency
circuits. The orientation and mounting of parts must be given
special consideration since they must be located so as to achieve
maximum convection. Metallic conduction paths of low thermal re-
sistance from the heat producing parts to the surface of the case
are not normally necessary.

a. Hermetic Sealing

Oxidation of coolants may be minimized by hermetic sealing
of containers of electronic equipment. One technique in
use involves filling and sealing the container with heated
coolant while the entire assembly is heated to a tempera-
ture that is higher than the peak anticipated operating temp-
erature. When the fluid cools-. the vacunum-like space of
volatile constituents above the fluid alios for expansion
of the fluid. The cont.airer nrmst be strong so that it cannot
collapse inwardly. The fluid cam completely fill the con-
tainer provided that the operating temperature is never per::it-
ted to exceed the filling temperature. Gth•}r.•iS, the incrcase_,
internal pressure may cause structural fail .re of the case. it
is recommended that units that are subjected to changes in
altitude, such as those usea fcr mobile or airborne equipment,
be hermetically sealed,, Induction soldering with high temper-
ature solder may be used tz, seal off the :ompcnent package.
Fluid expansion may also be compensated for by a rubber dia-
phragm, a metal bellows•- 4rrargement , r a rubber ball mounted
inside of the case, If eLectronia equipment iýs to be oper-
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ated in a fixed location and always_ remain in an upright po-
sition, it may be possiole to o:erate the electronic assembly
in a container of fluic. which iL: vented to the atnosphere.
Further, if desired, non-spillable vents such as arc used on
aircraft batteries may be proviaed. Some of the difficulties
encountered with fluids that have large coefficients of ex-
pansions can thus be avoided.

b. Mechanical Considerations in the 11ounting of Electronic Parts

It is necessary to expose a maximum oe the surface of the heat pro-
ducing parts to the coolant and to direct the free convection
currents of the fluid around these parts. Thus, in liquids,
parts should be mounted, as in air, to promote convective
cooling (See Section VI). Metallic conduction paths of low
thermal resistance from the heat producin6 parts to the sur-
face of the case are not as important in airect liquid cooled
subassemblies as in most other types of subassemblies, since
adequate cooling is usually obtained by convection. The parts
may be supported by insulators or insulating materials so
long as the fluid is permitted to freely circulate around the
parts.

The construction of this type of equipment must be given spec-
ial consideration. With viscous coolants, a slight mechanical
advantage is gained by the immersion of the electronic parts
in the fluid, since the fluid tends to lend support to tubes
and other parts. Also, it can provide a damping action which
assists in resisting vibration ana shock, dependent upon the
viscosity of the fluid. Subminiature tubes can be mounted by
their lead wires and can be supported at their other end by
a loop of wire around the tip of the tubes. Thus, almost the
entire tube envelope is exoosed to the coolant fluid. The
tubes should be mounted vertically with their bases downward.
This provides maxinnmu cooling at the hot spots and tends to
minimize electrolysis. Holes can be provided in the sub-
chassis to airect the flow of the free convection currents
around the other heat procucing parts.

c. Coolant Selection

Nhen selecting a coolant, it is necessary to consider the
change in the thermal and physical characteristics of the
liquid over the entire operating temperature range as well
as its chemical and electrical compatibility with the metals
and materials with which it comes in contact. ,ith direct
liquid cooling systems, these properties include chemical in-
ertness, dielectric constant, power factor, viscosity, vapor-
ization temperature, freezinL temperature, flash point, vapor
pressure, toxicity, coolant life, thermal coefficient of ex-
pansion, thermal coefficient of viscosity, surface tension,
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ther-al conductivity -n,. dielectric 'tren t,.

he re are a nul.d•:r of cxolantL':,ich -n h i:n in
asse:,ilies, :)omer an-. co :L'unic~ti a.-an ffor;.ierZ, cýokes.
cavacitors, •;u ocher hijh volta., or hi.-h temperature parts.
These fluids are for the most part hydrocarbons of one form
or another and suffer from deficiencies, such as high di-
electric constant, molecular instability, high power factor
(particularly at radio frequencies), and inability to with-
stand very low or very high temperatures.

Silicone fluids are superior to the hydrocarbons, especiaily
in regard to their ability to operate at temperature extremes.
High temperature operation is limited only by the cracking
temperature of the fluid. The silicones are available in a
wide range of viscosities and the electrical characteristics
of several are listed in this section. The dielectric con-
stant and power factor are good up to at least 100 MC. The
dielectric constant decreases slightly while the power factor

increases with increasing temperature. In most instances
these changes will be insignificant. For example, 500 centi-
stoke silicone fluid changes power factor from .000025 to
.0003 in going from 25 0 C to 15000 at a =iven frequency.

The thermal conductivity of silicone fluids is actually quite
low, being intermediate between glass and air. F•,r this
reason, a rather low viscosity fluid is generaily chosen so
that circulation due to convection will be aided. Fifty cen-
tistoke silicone fluid has been used with considerable success.

The thermal expansion coefficient of all liquid dielectric
materials is high. For example, DC-200 silicone fluid increases
in volume by 13 percent over a temperature range of from 25Cr
to lOC. It is therefore necessary to provide adequate space
for expansion.

It has been reported that polystyrene and some of the related
resins are attacked by chlorinated hydrocarbons. Certain or-
ganic paints and varnishes are attacked by transformer oils.
It has also been found that silicone fluids have an undesirable
effect on some silicone protected parts. In general, however,
silicone fluids are inert with respect to most commonly used
electronic materials. Data can be obtained from the manufac-
turer.

Freons have not been utilized for direct liquid cooling because
of the resultant high operating pressures at temperatures of
the order of 1000 C.
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Petroleum base oils can be use- in liquid cooled equipments
whose "hot spot" te:.,pera~ures do not ex:ceeu 175 0C. The oils
oxiuize or rapidly decompose at hijher tempe-atures anu must
be chuhaned occasionally. Miineral oil exhiibits lower electri-
cal losses at high frequencies than the silicone fluids.

Impurities cannot be tolerated in coolants used in liquid
filled subassemblies. Even a small percentage of moisture
can lead to electrolysis and rapid corrosion of wires and
leads, especially those with DC circuits in excess of 25
volts. Extreme oare must be used to prevent contamination
of the coolant. The physical characteristics of coolants
are presented later in this section and in Appendix C.

d. Temperature Distribution Around Liqdid Cooled Subminiature
Tubes

A type 6Kh tube, supported by its leads, was immersed in
"chema-ically pure" ethyl alcohol, in a transparent 1... - -ox. After
plate voltage was applied, there was considerable electrolysis
around the tube leads due to the moisture and impurity content
of the alcohol. When the tube was mounted in the horizontal
position and illuminated by a point source of light, interfaces
between parts of the alcohol at different temperatures could
readily be distinguished. The areas within the liquid where
heating occurred showed up clearly. See Fig. hO.

The area at A is a convection current of strongly heated liquid
rising upward to the surface of the alcohol. The area at B is
also a convection current of heated liquid which is rising
more slowly to the surface. The area at C is an area of ap-
parently stationary liquid which is heated by radiation di-
rectly from the surface of the glass envelope. A distinct
feature of this radiation area is that, regardless of tube po-
sitioning, it is always the same. The shape of the other areas
depend directly on positioning. The radiation area around the
tube is directly opposite the plate of the tube and the con-
striction occurs between the plate and the seal of the tube.
The thickness of this halo-like 2ight zone indicates relative
amounts of heat radiated into the surrounding liquid and is
apparently due to a change in the index of refraction of the
coolant. The zone appeared and disappeared very slowly as
plate voltage was switched on or off and was thus shown to be
entirely dependent on tube plate temperature.

Obs ervat ions

During the test several electrolysis effects were noted. These
produced considerable heat around the terminals of the plastic
box and around the tube leads themselves. It was found that,
due to this cause, heating effects on the tube leads could not
be determined. The positive tube lead soon turned black and
other tube leads were heavily coated with cupric salts.
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D. DIRCT LIQUID IMMERSION WITH aiGITATION

It was previously stated that free convection in liquid coolants did
not provide an even temperature distribution within the container.
By the addition of a small motor driven agit~tor, relatively con-
stant liquid temperature can be maintained (see Fig. 41). For example,
it was found that the temperature difference within the fluid was re-
duced to O.6 0 C, using a five vane agitator when the wall temperature
gradients were less than 5.5 0 C. A three vane agitator in a six inch
diLneter container of silicone fluid maintained an average temperature
difference of 20 C withir the container at 660 rpm, 10 C at 1440 rpm.
With free convection liquid cooling and a unit heat dissipation of
0.1294 watts per square inch surface area, the temperature rise be-
tween the bottom and top of the container was 100 C. With a unit
heat dissipation of 1.06 watts per square inch and 50 centistoke
DC-200 Silicone fluid, the temperature rise was in the neighborhood
of 460C, (ref.l0).

These figures are for package sizes that are normally larger than
those used for miniaturized equipment. The same degree of cooling
cannot be expected in miniature packages. However, these tests in-
dicate that certain configurations can be more effectively cooled by
expending a small amount of power for agitation of the coolant.

E. DIRECT FORCED LIQUID COOLING

1. General

Just as increased cooling is obtained with forced air instead
of natural air convection, forced circulation of the coolant
greatly increases the cooling rate when liquid coolin6 is used.
The coolant may be pumped into an external excharner for trans-
fer of the heat into the sink. The pump, of course, requires
power for its operation and, unfortunately, most of this energy
is expended in the coolant in the form of heat. Thus, the total
heat rejected is increased by the power consumed by the pump.
However, the advantages of the small temperature gradients and
increased cooling rates achieved with forced liquid cooling can
easily outweigh the disadvantages of the increased system com-
plexity.

2. Direct Forced Liquid Cooling

A liquid cooling system of this type is presented by Fig. 42.
The electronic components are completely immersed in a compat-
ible liquid coolant such as silicone fluid, transformer oil,
or freon. A low-pressure pump circulates the coolant liquid
through the system. The accumulator (air cushion tank) allows
for expansion of the fluid and serves to minimize vapor lock
in the system. The heat exchanger removes the heat from the
liquid before it is recirculated through the eL tronic equip-
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ment. Care must be exercised in orienting pai'tj in order to
obtain maximum cooling effectiveness. Further, if relatively
hioh pumping pressures are used, the hibh pressure stream should
not be directed upon fragile electronic parts. The mathematical
treatment of forced liquid cooling design is identical with that
used for forced air cooling other than that different coefficient
values are used.

3. Direct Spray Coolin•

Fig. 43 shows a direct spray-cooling system for miniaturized
electronic equipment. The coolant liquid, under a slight pres-
sure, is pumped into a manifola for distribution to spray nozzles
that are located so as to cover the electronic part to be cooled
with a continuous film of liquid. Thus, the sprayed liquid ab-
sorbs heat from the electronic parts by direct contact. The
heated coolant is then collected in a sump in the bottom of the
equipment and pumped through a heat exchanger to be cooled be-
fore it is returned to the manifold for re-distribution. With
spray cooling, it is possible to adjust the number of jets and
the volume of flow to obtain optimum cooling of each individual
heat producing part, whereas, in some or the direct liquid
cooled systems there is a tendency either to undercool or over-
cool individual electronic parts. Further, the amount of cool-
ant used in a spray system may be much less than that of a liquid
filled system.

Spray-cooling is most applicable to parts such as vacuum tubes
when they are mounted in the vertical position. However, satis-
factory results have been obtained with tubes in the horizontal
position by covering part of their envelopes with tight-fitting
copper screen sleeves. These sleeves will provide more even
distribution of the fluid around the envelope hot spots.

One of the difficulties encountered in spray-cooling systems is
to obtain uniform distribution of the fluid over the part to be
cooled. This depends upon the wietting qualities of the coolant,
the number, size and placement of the spray jets, and the rate
of flow of the coolant through the jet nozzle. Uhanges in the
rate of flow )f the jets modifies the flow pattern of the cool-
ant and thus the rate of cooling of the electronic parts. In
a reasonably Jfficient spray cooling system, the additional power
required for pump operation will be of the order of five percent
of the total dissipated pow.er uftcr c f-rt in critical uiszipa-
tion has been reached. BeloVw _i :lon "imposed
by available pump sizes) the ,,ercenta~o of caiswpateu power re-
quired by the pump may be greater than 5%. An efficient spray
cooling system should require only about one third of the amount
of liquid required by an equivalent liquiu filled unit.
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a. Nozzles

Extremely small nozzle bores are usually necessary in order
to obtain a fine spray. In conventional electronic equipment
the jet spray has proven most satisfactory because of its
wide spray angle which permits a compact equipment aesgn.
Further, a jet spray nozzle emits a solid stream of liquid a
short distance, it does not require a high pressure pump and
it is not as suscept.ble to plugging, since the bore is rela-
tively large.

A starting point for jet size in experimental development at
low spray rates is a number 80 hole drilled in a #2 screw.
The screw may be inserted into a hole tapped into the mani-
fold and adjusted to the proper height and angle above the
parts to be cooled. This provides an easy method of experi-
menting with the number and the size of the jets necessary to
cool a given equipment.

b. Nozzle Manifold

The spray distribution manifold can be designed to be an inte-
gral part of the unit's housing or as an incependent part. In
either system the initial model should be mace in such a man-
ner that the manifold is accessible for changing the size,
number and placement of jets until satisfactory cooling of the
subassemblies is obtained.

4. Detailed Design Considerations

a. Pump Selection

Either gear reciprocating or centrifugal type pumps may be used
for silicone and similar liquids. However, it is usually pre-
ferable to use gear type pumps, since they do not become air-
bound as readily as centrifugal units. Further, gear pumps
have the additional advantages of smaller weight and size and
a higher operating efficiency.

The centrifugal pump has an advantage for this application in
that is does not have a constant displacement and the volume
of flow may be controlled by a valve or variable orifice in
the discharge line without overloading the motor. Less power
will be required when pumping snaller quantities of fluid.
Also, a rheostat in series with the centrifugal pump motor may
be used tu sinmultaneously adjust the rate of flow and the pres-
sure. Unfortunately, centrifugal pumps become airbound and
must be primed prior to operation. This can be overcome by
mounting the pump below the liquid level so that the pump in-
let is always flooded.
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Positive Lresszure rotLr$y v~nc t-. reciprocaLin_ pumps are
usually self-primaina and suita'dc for hancling non-lubri-
cating liquids. However, because of the constant displace-
ment, the throttling of such pumps increases motor load
and pressure but does not Lecrease the coolant flow.

For the selection of a puimp for a given cooling system, it
is necessary to consider the following:

(1) The physical and chemicý! characteristics of the cool-
ant liquid bein6 used, such as specific gravity, vis-
cosity, temperature, solids in suspension, abrasive
*nateri~l', tLiez. _ta'biilty, and the cc:rcrsivc and
solubility effects on materials used in pump construc-
tion.

(2) The state of the fluid at the pump inlet, whether it
floods the inlet, is full of air bubbles, ;'hether the
pump must prime itself and, if so, the priming lift.

(3) The pump characteristics desired in terms of delivery
required, differential pressure, inlet pressure, dis-
charge pressure, the sum of the differential pressures
across the electronic subassemblies, the heat exchanger
and the line loss, and the duty cycle.

(4) The voltage, phase and frequency desired for the pump
motor and environmental conditions, such as dust,
moisture, fucs ana fire hazards uncer which it must
operate.

(5) The electrical anc mechanical noise characteristics

of the ounre: moeor.

b. tir Cushion Tunk

The air cushion tani: is proviced to allow for expansion
of the flui- aSs it-s te:sperature increases, to remove air
from the coilant. nu -.o cushion the shock in the entire
sys tem if tLr Žss> silouLL become vapor bouna. The tank
should be ILL-, - nou 1. to allow for the expansion of all
of the liCuI,: -,he -ysten ana still provide an air
cushion.

c. Heat Exchanger

The heat exchan-er should be of a size acequate to remove
the rejected heat frnom the coolant fluid before the fluid
is re-circulated through the electronic equip::!ent. A
liquid to forced air heat exchanger, similar to an automo-
tive radiator coulc be usad for Lround based equipment.
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For most shipboard applicAtions a liquid to liquid heat ex-
changer would probably prove most practical, since an ade-
quate supply of coolinC water is usually available.

In selecting a heat exchanger for a given system, it is
necessary to determine the followinL:

(1) What secondary c@Qýolirk_ means or "sink connection" is
available.

(2) The rate of flow of coolant fluid through the heat ex-
changer.

(3) The pressure drop in the coolant fluid across the heat
exchang er.

(h) The temperature of the coolant fluid when it enters and
when it leaves the heat exchanger.

(5) The expected limits of the thermal environment in which
the heat exchanger must function.

d. Design Notes

(1) General

Properly applied, direct liquid immersion can be an ef-
fective cooling method. Subassemblies should be con-
structed so that the heat producing parts are separated
from the non-heat producing parts, especially those that
are temperature sensitive. The coolant arriving from
the heat exchanger should be directed onto the tempera-
ture sensitive parts first and later be directed to the
heat produc inL parts.

Heat transfer inside a liquid cooled electroiic
sembly may be difficult to predict due to tne complica-
ted shape of electronic parts anoa the variation of film
coefficients. Satisfactory preliminary designs can
usually be achievea by "lumping" the problem and treat-
ing it as a whole. By constructing a simulated bread
board model and conducting electrical ana thermal tests,
the system may be modified as required in order to obtain
final desibn aata. The tests on the bread board model
should provide the temperature limits through which the
liquid must be maintained for variations in the thermal
environnmnt of the heat exchanger. In order to operate
within these temperature limits it may be necessary to add
control equipment.
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(2) Control of Cooling Systems

Direct forced liquid cooling systems shuuld be designed
for operation at the maximum cooling conditions. Urnder
less severe thermal conditions it will be neqessary to
operate at slightly reduced capacity. The capacity of
the system should be reduced as a function of the cool-
ing demand. This maV be accomplished by utilizing a temp-
erature sensing element to actuate a control and vary the
coolant temperature or flow rate in accord with the cooling
ne..'s. The degree of control depends upon the require-
ments of the most temperature sensitive part or parts in
the electronic assembly.

(a) The simplest form of cooling rate control is the in-
termittent type. 'his function can be provided by a
thermostat or temperature sensing device, located
inside the electronic equipment, which turns the cir-

culating pump on or off as required. Improved temp-
erature regulation can be obtained by allowing the
pump to run continuously and incorporating a thermo-
stat to control a by-pass valve connected across the
heat exchanger. Thus, the pump continues to circulate
the liquid throuoh the electronic equipment and the
thermostat controls the flow of coolant through the
heat exchanger to control the temperature of the cool-
ant.

(b) For electronic equipments vk&ich require more precise
temperature control than the intermittent control can
provide, a step function type of control can be em-
ployed. The pressure and rate of flow of coolant may
be varied in predetermined steps as desired. Several
thermostats arranged to onerate at various lempera-
tures can be connected to short circuit portionc
of a tapped resistor in series with the pump motor.
As the temperature of the electronic assembly decreases
below the desired operating point the thermostats can
introauce more resistance in series with the pump
motor To reduce the coolant flow.

F. INDIRECT FORCED LIQUID COOLING SYSTUB

1. General

In irmirect liquid cooling systems the coolant liquid does not come
in direct contact Yrith the electronic parts. The primary cooling
mcde from the electronic parts to the coolant fluid is accomplished
by other suitable means and the heat is transferred to the coolant.
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Thus, the coolant receives the heat from the heat producing parts in-
directly and carries the heat away to the sink. The electronic equip-
ment may be internally designed to emphasize any one, or combinations,
of the various methods of heat removal. Further, an indirect system
may be applied to existing electronic equipment in order to improve
operation.

2. Liquid Cooled Plates

Cold plate heat exchangers using fresh water as the coolant are re-
nemmerded for shipboard application. Section VI discusses these
exchangers in conjunction with forced air cooling. The use of fresh
water can be rmach more effective than air because the film coeffic-
ient is greater (as madch as 100 times). Another advantage in using
water is that its specific heat is more than four times that of air
so that for the same temperature rise the same weight of water will
absorb four times as much heat. Further, water is rather easy to
transport, high flow velocities may be obtained without excessive
noise and, since it is over 800 times as heavy as air, the piping
will be much smaller than equivalent air ducting. Thus, it appears
that the water cooling of electronic equipment has considerable merit,
provided that water supply and return piping is made available in
each compartment.

3. Improvement of Existing Equipment by Liquid Cooling

Some shipboard equipments which were originally designed for forced
air cooling are operating at temperatures well beyond safe values
for reliability. In general, this situation has been caused by in-
stallation in confined spaces along with other equipments of high
heat dissipation. Often the space is uninhabitable because the air
ventilation system is inadequate for the heat load and no space is
available for additional air cooling ducts. During the interim
period, until more effectively cooled equipments are provided, it
is recommended that the cooling of such equipments be supplemented
through the utilization of fresh water cooled panel heat exchangers
intimately attached to the inside of the equipment enclosures. When
water is circulated through the cold panel, the original metal en-
closure will act as an additional heat exchanger surface. The in-
ternal air should be cooled ty the exchanger and recirculated over
the equipment. Louvers and openings in the enclosure should be
covered so that none of the internal air leaves the system. This
will alter the free and forced convection air currents inside the
equipment so that it may become necessary to divert the air flow
along new paths to move the heat from the parts to the surface of
tne enclosure. Increasing the rate of circulation of the air by
the addition of new fans or redirecting the output of existing fans
should create more uniform internal temperatures.

4. New Equipment

It is recommended for new equipments that the individual components
or subassemblies be uesigned for base cooling with a path of low
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thermal resistance from the heat producing parts to the base
of the subassembly. The base of the subassembly should be made
so that it can be attached to a liquid cooled cold chassis (See
Fig. 44). The optimum thermal shape would be a thin rectangular
subassembly, like a shallow cigar box, which would slide in be-
tween two cold plates in sandwich fashion. The subassembly would
thus obtain the greatest amount of cooling on the sides with the
largest area.

The limitation of this method is the contact resistance between
the cold plate and subassembly. Excellent cooling could be
achieved through the use of liquid filled suba. •emblies completely
immersed in the secondary liquid coolants.

Fresh water is recommended as the coolant for these systems. It
is readily available on most shipboard and land installations.
Another coolant liquid or refrigerant could be used. However,
to avoid condensation of moisture on the electronic equipment,
it is necessary that the coolant temperature be maintained ten or
more degrees C higher than the dew point of the air surrounding
the equipment. A sea water - fresh water heat exchanger tends to
maintain the coolant above the sea water temperature.

With a shipboard fresh water cooling system the operating tempera-
tures of the various heat producing parts in the electronic equip-
ment can be maintained at almost any desired value above 500C.
Thus, air temperatures within an average equipment may be less
than 1250C, while the coolant from a sea water - fresh water heat
exchanger would seldom be lower than 35oC.

During the winter when the sea water is near O°C it may be neces-
sary to control the flow of fresh water through the sea water to
fresh water heat exchanger with a bypass valve in order to prevent
over cooling or possible freezing. Such a control will also aid
in reducing equipment warmup time.

On land installations water from a well would probably be at
about 150C. This could cause condensation in the electronic equip-
ment unless a proper balance between air and coolant temperature
is maintained. If the land based system utilizes a closed liquid
system and rejects heat to the atmosphere through a liquid-to-air
heat exchanger, the same type of control of dew point could be
maintained as in the sea water to fresh water heat exchanger.

Note: All water cooled equipment should be provided with drains
to alleviate freezing during non-operating periods. Fur-
ther, liquid level devices should be included in order to
insure that the equipment is adequately filled with water
and the piping should be arranged so that "air locks" are
minimized.
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I
G. COMpOSITE LIQUID COOLING S6TF"S

Composite systees, by definition, are those wihich incorporate both di-
rect and indirect liquid cooling. Each part of such a system nmist be
treated according to its type. In a typical composite liquid cooling
system, the heat producing electronic parts are directly imnersed in
a suitable liquid (primary coolant). A low pressure pump circulates
the liquid through the systeM. The h,:at is transferred at a heat ex-
changer to wiother liquid (secondary coolant). This liquid is then
circulated to another heat exchan er to deliver the heat to the sink.

H. CHARACTERISTICS OF COOLANTS

1. Silicone Fluids

a. Straight dimethyl fluids are known as the 200 series sili-
cone fluids. It is not recommended that these fluids be
operated at temperatures exceeding 1500 C for optimum heat
stability in direct liquid cooled equipments. The 200
series fluids differ from each other only in viscosity.
Viscosities ranging from .65 o 106 centistokes* are avail-

able by blending.

b. The 500 and 700 series silicone fluids are blends of the
dimethyl and phenolmethyl fluids. They are stable to 2000C
for direct liquid cooling applications. These fluids are
not available in as wide a ranlje of viscosities as the 200
series fluids.

2. Other Coolants

The characteristics of other coolarts are given in Appendix C.
Only those fl£ids which are recommeided for electronic heat re-
moval applicaTions are noted thereui.

* The "centistoke" is the unit of kinematic viscosity in the
c.g.s. system of units, and the kinematic viscosity is
equal to -he absolute viscosity divided by the mass density.
Howbver, •n engineering heat tra.nsfer as covered in this
Manual, ':.e units of absolute viccosity are lbs./(ft.)(hr.).
To convert to lbs./(ft.)(hr.), multiply centistokes by 2.42
times th, mass aensity in gms./cc. Note that in the c.g.s.
system, Iass density ano specific gravity relative to water
are niuaerically equal.
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VIII. VAPORIZATION COOLING

A. GENtERAL

In vaporization coolinrg heat is removed from the electronic parts by
a change in state of the coolant from a liquid to a vapor. For a
given weight of coolant, vaporization cooling provides the most ef-
fective cooling, of any method.

When a unit mass of liquid is heated at constant pressure it absorbs
heat equal to its specific heat (at constant pressure) for each de-
gree rise in temperature. Aater, for example, has a specific heat
of 1.0 Btu/(lb.)(t rnd when heated, from say 1000 to 150°F, absorbs
1.Cx(150-100) or 50 Btu per pound. This heat absorbed by the liquid
to •aise its temperature is termed "sensible heat". If the liquid
continues to absorb heat, it will ultimately reach a temperature at
which boiling or vaporizing will begin. The term "saturated vapor`?
is applied to a liquid Which has reached the boiling temperature
corresponding to its vapor pressure. The saturation temperature is
dependent on the pressure and increases 'with pressure. For example,
water at atmospheric pressure (l1.7 psia) boils at 2120F. If the
pressure is increased to 40.0 psia it boils at 267.2 0 F and if de-
creased to 5 psia it boils at 162.2 0 F.

When the heating of the saturated liquid is continued at constant
pressure, the ensuing boiling ;ill take place at constant tempera-
ture and will continue until no liquid remains. The vapor (steam
in the case of water) is in equilibrium with the liquid at a con-
stant pressure and temperature during this vaporizing or boiling pro-
cess. When thxe liquid is completely vaporized it is called "satura-
ted vapor", the phase change having gone to completion.

The amount of heat required to vaporize completely a unit weight of
saturated liquid is known as "the heat of vaporization" or "the
latent heat of vaporization". Its value depends on the saturation
pressure or temperature and decreases as the pressure increases.
Compared with the sensible heat, the heat of vaporization is much
larger. For example, 970.3 Btu (284 watt hours) are required to
completely vaporize one sound of water at a saturated pressure of

14.7 psia and 212 0 F. Water has the highest heat of vaporization
of most liquids and, this, to.ether with its very high heat trans-
fer coefficient of vaporization, makes it a superior heat transfer
medium.

Similar to liquid cooling, vaporization coolin- may be classified
into direct and indirect systems. In a direct system the electron-
ic parts may be completely immersed in a volatile refrigerant. If
the surface temperature of a heat producing part exceeds the boiling
point for a given pressure, small bubbles will be formed at the sur-
face, thus removing heat equal to the latent heat of vaporization of
the weight of liquid vaporized.
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A direct vaporization coolinr- syste. can be very effective since
the heat is removed directly from t.;e surface of the j)art. In the di-
rect systems, since the electronic parts are exposeu to the coolant,
they are subject to any lonb term corrosire or solubility effects which
may exist. The coolant must be chemically inert with respect to, and
compatible with, the electronic parts.

In a direct cooliaL system the vaporized refrigerant liquid is con-
sidered to be the primazy coolant. In an indirect system the initial
heat is removed from the electronic parts to a separate heat exchanger
by any suitable means. The coolant is only used to accomplish cool-
ing in the heat exchanger (secondary coolant).

B. NOTES ON VAPORIL&TION COOLI1 *1ND) BOILING

If saturated vapcr is .urther heated at instant pressure, its temp-
erature rises and the vapor buccmes "supevneated". The specific heat
of the vapor is smaller than that of the liquid. Superheated steam
has a constant pressure specific heat of about 0.49 Btu/(lb.)(°F) at
atmospheric pressure. In vaporization coolin, of electronic equipment,
it is doubtful that superheated vapor will be encountered, since the
saturated vapor must again come in contact with a hot surface away
from the liquid and .he small specific heat and low coefficient of
heat transfer do not justify usin, superheated vapor as a heat trans-
fer medium.

The many variables involved in the mode of heat transfer known as
boiling has complicated the formulabion of general equations from
;'(hich boiling coefficients can be predicted. The following is from
reference(22) .

'When a li-'uid is boiled, az 4.he temperature difference between
the boiling liquid and surface is increased, the rate of boiling
(and the amount of heat floainj) increases, but reaches a maxidimum
4th a critical temperature dif._rence above which the rate of
boiling decreases, ias the temPoiTure difference becomes greater
than this critical ai-ferencc, i~he vapor foimec oy boiling acts
as an i:.,ulator, impeding tUhe tn•nsfer of heat. The critical
difference for water is about .

"In general, the rate of boilini is increased as the surface be-
comes ougher, and as the liquia oeinL boiled is agitwted. It

s increased with an increase in -penerature difference up to

the critical point, ana is reduced sy scale ana airt aeuosits.
For boiling, it is usually necessary to measure the overall
transfer coefficients for the particular liqv'id and physical
conditions in question, as there are few data available."
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C. DIRECT VAPORI&ATION COOLING loTE5

1. Liquid Potting

An example of liquid potting, which is one of the simple vaToriz-
ation cooling systems, is shown in Figure 45. The electroni'
parts are completely i-mersed in a w- atile refrigerant, such as
Freon "113". Since the container is hermetically sealed, a small
space Ias been left in th- top of the container to allow for ex-
pansion of the Freon vapor. When the surface above this space is
cooled, the vapor will condense and return to the liquid state.
The heat prod'icing components are mounted with their longest axis
in the vertical position to aid the formation of convective cur-
rents in Lhe liquid. Heat is rejected not only at the top sur-
face of the container by condensation, but also at the siaes and
bottom by convection. As the surface of the heat producing parts

exceeds the boiling temperature of the Freon (which depends upon
the intenial pressure in the hermetically sealed container),
bubbles are fomed at the hot surfaces, submerged boiling
takes place and induces free convective currents in the Freon.
Due to the high film coefficient of the boiling liquid, the temp-
erature difference between the parts and the liquid is usually
very small.

a. Design Considerations

One of the primary design considerations in liquid potting
is the necessity to design the container so that it can Nith-
stand high intornal pr-uc with an adec'ate factor of
safety. For example, Freon 111131", at a saturation tempera-
ture of 122 0 C, has an absolute pressure of 70 pounds per
square inch. Care shoald be taken in subjecting electronic
parts to high pressures. Reference to a Mollier dia.,ra.,
will provide the operating pressure for a given saturation
tempe. ature.

The temperature of the liquid will vary with the internal
vapor pressure until equilibrium with the thermal environ-
ment external to the container is reached. Experiments show
that temperature differences between components and containers
may be as low as from 5 to 100 C. The most temperature sen-
sitive component part will limit the maximum fluid tempera-
ture to a value that will still maintain circuit stability.
For this reason, t1k thermal advantages of the small fluid-
to-part temperature dif!*erencep produced by direct vapor-
ization cooling are desirable.

The practical considerations of the internal pressure on
electronic parts ana the heat dissipation capabilities of
the container to its thermal environment define the condi-
tions under which this type of cooling may be utilized.
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2. Expendable DIrect Vaporization Cooling

In expendable vaporization cooling systems the heat bearing
vapor is expended to the atmosphere as a waste product. Figure
46 presents an example of such a system in which the electronic
parts are completely immersed in a suitable refrigerant liquid.
In order to expend the heat laden vapor to the atmosphere, it
is necessary to operate the subassembly at a temperature that
will produce a refrigerant vapor pressure greater than atmos-
pheric pressure.

a. Control of Temperature and Pressure

There are two ways to control the temperature in expendable
sys terms:

(1) A constant pressure may be maintained above the liquid
by the use of a spring loaded pressure relief valve. A
special valve has been developed for expendable systems
to maintain an evaporating liquid at a constant absolute
pressure above an evaporating liquid (See Ref.23).

(2) The second method is to use a temperature sensing de-
vice to control a variable area discharge nozzle which
varies the internal pressure and maintains the tempera-
ture sensing device at a constant temperature.

The cooling capacity and operating time of an expendable
system is limited by the supply of coolant available. It
is necessary that the heat laden and, perhaps, toxic vapor
be directed to the outside atmosphere and not be released
in any space occupied by personnel.

b. Example - Computation for an Expendable Vaporization
Cooling System

An approximation of the amount of refrigerant required to
dissipate a given power may be computed as shown in the fol-
lowing example:

Given: An electronic subassembly at 32 0 C ambient, dissipat-
i~I6 watts in a 2 1/2" x 2 1/2" x 4" container, half of
which is occupied by electronic parts; the remaining volume
is filled with Freon "113".

Assuime: All of the heat dissipated vaporizes the Freon "113",
which is expended through the relief valve to the atmosphere.
(There is no heat transfer from the case).
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The system operates as a direct expendable vaporization
coolirg system in which the pressure relief valve operat-
ing pressure is 18 psia, corresponding to a 54.2 0 C satur-
ation temperature.

Required: The quantity of Freon "113" required and the time
the subassembly will operate without requirin6 replenish-
ment of the Freon.

The "sensible heat" absorbed by the liquid Freon "113" at 320 C
(900F) heated to saturated liquid at 54.2 0 C (1280F) is:

Freon Tables (Appendix C). The specific heat of Freon
"113" at an average temperature of 109OF = 0.223

Sensible heat - 0.223 x (128-90) = 8.5 Btu/lb.

The heat absorbed by the Freon "113" due to the change from
the liquid to vapor state at 54.2 0 C (1280F) is:

Latent heat of vaporization = Enthalpy of saturated vapor
minus Enthalpy of saturated li.quid at 18 psia.

Latent heat - 95.0 - 35.8 - 59.2 Btu/lb.

Total heat absorbed = sensible heat + latent heat of
vaporization - 8.5 + 59.2 = 67.7 Btu/lb.

Power dissipation in Btu/hr.

I watt - 3.413 Btu/hr.

10 watts x 3.413 = 34.13 Btu/hr.

Pounds of Freon "113" reauired per hour of operation
Ibs./hr. required - '-f - .504 lbs. required to cool
subassembly. 7_.

Number of hours the subassembly, full of Freon will last:

Total ca. content = 2.5 x 2.5 x 4 - 0.0145 cu.ft.1726

Liquid volume 0 - 0.00725 cu. ft.

Density of liquid Freon "113" approx. 97 lbs./cu. ft.

Pounds of Freon in subassembly - 0.O0725 x 97 - 0.704 lbs,

Duration of Freon in subassembly 0*704 - 1.4 hrs.
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3. Direct Spray Systems

a. General

Spray cooling can be used to provide improved film coeffic-
ients over those obtained with direct imrersion. Further,
the total weight of coolant can be greatly reduced. Fig.
47 shows a direct evaporative spray cooling system. The
refrigerant is pumped from the reservoir into the spray
manifold, from which it is sprayed over the heat producing
parts in the subassembly. The surplus refrigerant is col-
lected in the bottom of the subassembly and returned to the
reservoir for recirculation. This direct spray system is
more economical of the weight and quantity of fluid used
for a given amount of coolir(, than other direct systems,
and may be operated at atmospheric pressure. A reasonably
high pump pressure is required to overcome the pressure drop
in the sys tem.

b. Design Considerations

One of the main problems in a spray system is in obtaining
complete wetting of the heat producing electronic parts.
This is aependent upon the pump pressure, position and pat-
tern of the spray jets. More uniform wetting of tubes can
be obtained by wrapping copper screens and wick material
around the parts to be cooled. The pump power requirements
in this system may be rather high since a large positive
pressure must be maintained in the manifold. All of the
other factors which apply to the spray cooling system de-
scribed in the liquid cooling section also apply to vapor-
ization spray systems.

D. INDIRCT VAPORIZATION COOLING

1. General

In indirect vaporization cooling systems, the electronic sub-
assemblies may be constructed and assembled to employ any ade-
quate primary cooling means. The waste heat is removed from
the surface of the subassemblies and transferred to a heat ex-
changer for rejection to an evaporative coolant. Such an ar-
rangement permits the use of a coolant which is not compat-
ible with the electronic parts.

A large cooling capacity may be obtained with a very small ex-
penditure of power if some readily available liquid, such as
water, is used as the evaporative coolant. This means that
the water, at atmospheric pressure, would have to be heated
to 1000C in the heat exchanger and the steam rejected to the
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atmosphere. The steam expended could be replaced by the ad-
dition of more water to the system, thereby eliminating the
equipment reouired to condense the vapor.

If liquid cooling is used as a primary coolin6 means, the rate
of primary coolant flow through the exchanger may be varied by
throttling or by using a by-pass valve across the heat exchang-
er. If an air-to-liquid heat exchanger is used, the blower
may be throttled to control the velocity through the exchanger
and the supply temperature may be controlled by a by-pass
around the exchanger.

2. Examples of Indirect Vaporization Cooling Systems

a. Liquid-to-Liquid Systems

Figure 48 shows a typical expendable indirect system in which
the liquid potted electronic subassemblies are directly im-
mersed in the secondary refrigerant liquid. The subassembly
cases act as the heat exchanger between the primary potting
liquid and the secondary evaporative refrigerant. The evap-
orating temperature of the coolant is controlled by the
pressure relief valve through which the refrigerant vapor
is vented to the atmosphere. When the liquid level falls
below a certain level the pump control switch actuates the
electric pump to replace the vaporized refrigerant. The
check valve allows the pump to replace the vaporized re-
frigerant as required but does not permit the refrigerant
to leak back when the pump is not in operation. If the
liquid is stored at a higher pressure than in the heat ex-
changer, a pump will not be required and the switch could
actuate a demand valve on the reservoir to supply additional
refrigerant as needed.

Figure 49 presents two equipments that are cooled by direct
forced liquid cooling. The primary coolant is pumped through
the subassemblies by means of the primary coolant pump, and the
flow control valves in the discharge lines of the subassem-
blies control the rate of cooling. The heat bearing primary
coolant fluid is in turn cooled by the evaporating liquid
in the heat exchanger. The saturation temperature in the
heat exchanger is regulated by the constant pressure relief
valve. In this system, the primary coolant is a liquid
which is capable of maintaining its liquid state at a much
higher temperature than the secondary evaporative coolant.
This system, as shown, is of limited operating time, as
vaporization of the secondary coolant continues only until
all of the liquid is spent. It may be made continuous
(closed cycle) by application of a condenser and reservoir.
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b. Air-To-Liquid Systems

Indirect expendable vaporization cooling systems may be em-
ployed in conjunction with forced air cooled equipment. The
cooling air, in such a system, is passed through a heat ex-
changer cooled by the evaporation of a suitable refriger-
ant. The air temperature at the entrance to the electronic
equipment will, of course, depend upon the temperature of
the refrigerant used in the heat exchanger.

E. Design Notes

Design data applicable to cooling of electronic equipment by vapor-
izing liquids are meager. This makes initial analysis of a given
design only practical in broad and general terms. Thermodynamic
properties of refrigerants may be obtained from Mollier diagrams.
See Appendix C.

Only after thermal and electrical evaluation tests of a prototype
model can the most effective conditions of operation be determined.
Generally speaking, heat transfer by vaporizing a liquid is in-
fluenced by the following factors:

1. A high film coefficient and good wetting properties are de-
sired in the coolant, since the wettability of the components'
surface influences the size and shape of the vapor bubbles
which are formed and liberated directly from the surface of
the heat producing parts.

2. Small bubbles which form on surfaces that are easily wetted
are more promptly disengaged from the surface than larger
bubbles.

3. Ease of bubble formation and ease of detachment of the bubbles
from the hottest surface promotes high film conductance.

4. The liquid in direct contact with the heat producing part is
usually superheated several degrees above the saturation temp-
erature that corresponds to that liquid.

5. Rough surfaces of electronic parts show less superheating of
the liquid and better heat transmission than smooth surfaces.

Until extensive empirical design information is made available,
it will be necessary to use the experimental approach in the design
of each new vaporization cooling system. The selection of the pump
presents a problem. In some applications the pump should be cap-
able of pumping either liquid or vapor without the need of a lubri-
cant in the refrigerant. The amount of refrigerant in the system
and its distribution over the electronic parts must be determined
experimentally during initial electrical and thermal testing of the
equipment.
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The technique of sealing refrigerants is new to the electronics
field but not to the refrigeration field. One difficulty en-
countered has been in attempting to make a pressure tight seal with
a flat rubber gasket between two flat surfaces. The recommended
method for a pressure seal is to form a groove in the two flat sur-
faces to receive a recessed gasket or O-rinb. With this type of
seal, the plates do not have to be brought together with as much
uniformity, and the equipment can be opened numerous times for in-
spection without damage to the gasket or the effectiveness of the
seal.

F. NOTES ON PROPERTIES OF VAPOH4IATION COOLANTS

The physical and electrical characteristics of various vaporiza-
tion coolants are presented in Appendix C. Supplemental data may
be obtained from the manufactureis.

1. Freons

Freon "113" has been found to be the most practical coolant for
direct vaporization cooling systems because of its compatibility
with most materials used in electronic equipment. However,
it has relatively high vapor pressure and relatively low latent
heat. The heat transfer coefficient for Freon-12 boiling with-
in tubes is from 150 to 300 Btu/(hr.)(sq.ft.)(°F) difference be-
tween fluid and tube wall temperatures. It appears that these
figures are representative of the family of Freon refrigerants
although little data is available. These values are low when
compared to boilin, water coefficients which may exceed 2000.

2. Perfluorocarbon Liquids

Where the "Freon" refrigerants are unsuitable as vaporization
coolant liquids because of too low a boiling point at atmos-
pheric pressure, the lower chemical series perfluorocarbons
may find successful application.

"Completely fluorinated hydrocarbons, that is, compounds con-
sisting of carbon and fluorine, have been given the generic
name, "perfluorocarbons". The perfluorocarbons constitute a
class of stable and chemically inert compounds. The lower
members are thermally stable up to temperatures of 4000C. They
will not burn and are resistant to the action of concentrated
acids, at temperatures well above 1000C. They do, however, de-
compose at a dull red heat. They are attacked only by such re-
agents as metallic sodium and potassium at temperatures of 2000 C
and at lower temperatures by elemental fluorine. The higher
chemical series members exhibit similar chemical inertness but
are somewhat more heat sensitive."
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"The perfluorocarbons are characterized by low indices of re-
fraction, high specific gravities and lower boiling points
than other compounds of similar molecular weight. They are
insoluble in polar solvents. They are slightly soluble in
non-polar solvents, but much less so than are hydrocarbons,
esters, chlorinated compounds, etc.

"The higher members of the perfluorocarbon liquid series tend
to be substantially insoluble, less than 0.1%, in all organic
solvents. An exception to this is Freon "113" (C 2F Cl) in
which these perfluorocarbons are miscible. It is e4idZnt
from the table of solubilities that insolubility increases
with molecular weight (ref. 24)."

Electrical Properties

"The perfluorocarbons are characterized by low dielectric con-
stants, which, in general, change only slightly over the fre-
quency range of 100 cps. to 100 kc. Thus, the dielectric
constant of C.F,,. the member with the lowest value, ranges
from 1.69 to 1.tt over the above frequency range, while a per-
fluorocarbon with a boiling range of 210 to 2400 C has the
highest value and the greatest range, 2.02 at 100 cps. to
1.90 at 100 kc.

"The power factor is, in general, low and compares favorably
with standard transformer oils. Apparently no relationship
exists between power factor and structure of the molecule.
Thus, C7Fl4(perfluoromethylCyclohexane), the simplest member
of the series has a power factor varying from 0.0045 at 100
cps to 0.0005 at 100 kc. while the value for perfluorocarbons
distilling from 130 to 150 0 C (a complex mixture) varies from

0.0015 to 0.0003 over the same frequency range...

"The volume resistivity and the dielectric strength of the
perfluorocarbons are generally much better than standard
transformer oils. Thus, C8 F 16 has a volume resistivity of
1.2 x 1012 ohms and a dielectric strength of 15,000 volts
as compared to the values for a standard transformer oil
of 1.1 x l012 and 15,0OO. The opposite extreme is that of
perfluorocarbons distill~ng from 210 to 2400C, which have a
resistivity of 1.7 x 1014 ohms and a dielectric strength of
20,000 volts. Here again, little relationship exists between
structure and volume resistivity and dielectric strength."
(Ref.2.4).
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3. Fluorochemicals

Fluorochemical liquids which possess chemical and thermal stab-
ility are now being offered commercially. They are nonflammable,
nonexplosive, nontoxic, noncorrosive to metals, plastics, etc.,
and have excellent insulation properties. These materials pos-
sess a combination of properties which make them of particular
interest to the heat transfer designer. They offer the best
present hope for coolants applicable to operation from subzero
to 4000C or higher. When properly applied, it would appear that
they can very markedly increase the efficiency of certain heat
transfer operations, (ref. 25).

"Fluorochemical liquids are remarkably stable in that they are
not attacked by concentrated acids, solid alkalies, strong oxi-
dizing agents or reducing agents. Two fluorockzemicals, perfluoro-
tributylamine, (C4F 9)3N, Fluorochenical N-43, and a perfluoro
cyclic ether, with an empirical formula C8F160, Fluorochemical
0-75, are representative of the classes which are available.
The thermal stability of Fluorochemical 0-75 was tested by heat-
ing at 4000 C (7250F) for 65 hours in a stainless steel autoclave
in the presence of copper. There was no detectable decomposition.
Fluorochemical N-43 under the same conditions decomposed less
than 0.4% as determined by free fluoride ion. The liquid became
faintly straw-colored and there was a thin dark deposit on the
copper. This is similar to other tests which showed the perfluoro
tertiary amines to be slightly less stable than the perfluoro
ethers. Tn another series of tests to determine effects on common
materials of construction, test strips of iron, copper, aluminum,
silicone rubber, varnished cambric, Teflon, and Kraft paper were
partially submerged in Fluorochemical N-43 and Fluorochemical
0-75 at 90 0 C (194°F) for eleven weeks. No change was noted on
the test strips or the liquids. In similar tests, where excess
water but no air was present, there was only slight corrosion of
the metals. The corrosion was barely discernible in the liquid-
phase portion of the strip, which can probably be accounted for
by the low solubility of water in fluorinated liquids (less than
25 ppm). In the case of varnished cambric, the water extracted
the varnish. Because of the insolubility of fluorinated liquids
in organic solvents, they do not swell rubber nor extract the
plasticizers from insulating materials or sealants. Teflon is
not affected by either of the above liquids at temperatures up
to 250'C." (Ref. 25)

The electrical properties of the two fluorochemical liquids are
of particular interest. Both liquids have low dielectric con-
stants and low loss factors over wide frequency and temperature
ranges. See Figs. 57, 58, 59 and 60 in Appendix C.

Both the perfluoro liquids have high dielectric strength and high
resistivities as shown in Table IL
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TABLE 1-1

Resistivity and Dielectric Strength of

Fluorn ch e mica ls

Designation N-41 0-75
2esistivity (2 kv/cm) ohm-cm 101 - 101 1015 - lo17

Dielectric strength, ASTM D-877 45 43

The dielectric strength of the vapors is also high. At one
atmosphere pressure, the value approaches that of the liquid.

Two methods of heat transfer in which the use of fluorochemical
liquids is advantageous are by free convection and evaporative
spray cooling. In the former, the high density, high coeffic-

ient of expansion and low viscosity of these liquids result in
high free convection modulus, while the low snecific heat, is
compensated by low tb'-rmal conductivity.

Thq modulus for fluoro hemical N-43 ranges from 5 to 2000 x
lO per cu. ft. - OF over the temperature range 770 to 350SF.
The modulus for fluorochemical 0-75 ranges from 40 to 200 x
108 per cu. ft. - OF from 770 to 214 0F, while a transformer

oil ranges from 1 to 20 x l66 per cu. ft. - OF between the

latter temperatures. See Tables 29 and 30.

4. OTHER COOLANTS

Table 31 from Reference 26 lists properties of eleven coolants ac-

cording to their latent heat. The first six refrigerants merit
consideration for direct vaporization cooling because of their

high dielectric constants. With the exception of Freon "113" most
of them have sone deleterious effect on certain materials used in

elL-ctronic equipment.

The last five refrigerants in Table 31 are listed for possible

use in indirect vaporization cooling systems. The last two refrig-

erants listed are binary solutions of water and methanol and water

and ammonia. Ref. 26 shows curves of the variation of absolute
pressure for evaporation at constant temperature and the variation

of temperature for evaporation at sea level pressure as functions

of the latent heat added, for the two binary solutions. Curves are

also shown that indicate the water content by weight of the remain-
ing liquid coolant at any point of the evaporative process.

Temperature control of a boiling binary solution cannot be main-

tained by a constant absolute pressure above the liquid, as with

a single substance, because the vapor pressure of the binary solu-
tion gradually decreases as the most volatile part of the solution

boils away. The change in vapor pressure is also accompanied by a

change in temperature.
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IX. THE SELECTION OF OPTIMUM COOLING METHODS

A. GENERAL

This section is related to the relative merits of the various cooling
means and methods of determining the most practical cooling mode for
a particular application. The figure of merit which has been assigned
is the heat concentration in watts/cu.in. In those instances wherein
the external surface area of the device limits the thermal resistance,
the unit heat dissipation in watts/sq. in. is also mentioned as a
secondary figure of merit. These numbers can also be used as a
measure of the magnitude of the design problem.

In general, there are a number of practical cooling techniques which
are satisfactory within stated limits. Certain of these techniques
with slight modification and some experimentation can be applied to
specific designs. It is true that the thermal design of electronic
equipment has not been reduced to an exact mathematical science.
However, the order of magnitude of any specific cooling design can be
determined. Since this places the design in a finite known range,
the limits of the design and experimentation can readily be established.

The selection of the optimum cooling method should be preceded by the
breadboard development of the electronic circuit. If the electronic
performance is influenced by the cooling method, the circuit of the
prototype model should be modified after the initial breadboard tests.

The selection of cooling methods discussed herein are primarily predi-
cated upon the heat concentrations and signal frequencies involved
in shipboard and ground based equipments. Other factors such as the
complexity of the equipment, space, power, thermal environment,
available sinks and cost must also be considered by the designer.
Since the optimum method of heat removal within a subassembly and a
unit may differ from that used to transfer the heat to the ultimate
sink, each will be separately discussed.

B. HEAT TRANSFER WITHIN A UNIT

1. General

The method of heat removal from within a subassembly must be such
as to provide a low temperature gradient between the heat pro-
ducing parts and the cooled surface or the local sink. The cool-
ing method must be simple, light weight, reliable, easily main-
tained and economical. Further, it should occupy a minimum of
volume, preferably utilizing the voids between densely packaged
parts.

2. Natural Methods

Natural cooling means are recommended for use within most mini-
aturized electronic subassemblies. They are frequently the only
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possible means of heat removal. Hermetic sealing and the dense
packaging of parts can prevent the use of other techniques. Metal-
lic conduction should be considered initially as the primary cooling
means. Radiation cooling is not recommended as a primary means,
since high temperature differences are required for appreciable
heat transfer. Further, the control of the cooling path is lost
since the heat will be radiated into nearby subassemblies. Con-
vection cooling requires large areas which are seldom available
within subassemblies. Also, convection currents will transfer the
heat into other locations which will only require additional cool-
ing.

Plastic embedment may be used at heat concentrations of the order
of 0.25 watts per cubic inch at ambient temperatures of the order
of 850C. Metallic conduction can be used for heat concentrations
as great as 2 watts per cubic in. (See Fig. 50) The maximum
unit heat dissipation for free air cooled surfaces is usually 0.25
watts/sq. in. In a few high temperature devices, unit heat dissi-
pations as high as 0.5 watts/sq. in. have been achieved. It should
be noted that hermetic sealing is essential for many equipments
which must operate under rigorous climatic and environmental con-
ditions. Overall package sealing simplifies the problem to the
extent that only one large seal must be made and all parts are pro-
tected by it. Admittedly, overall sealing prevents easy access for
servicing by requiring the entire subassembly to be opened with
consequent loss of any inert gas or liquid and the possible entrance
of moisture. Sealed subassemblies can be easily replaced, espe-
ciall]y if they are of the plug-in type. Certain electronic circuits
such as RF, IF, and video amplifiers cannot readily tolerate the
increased capacitance and losses associated with plastic embedment.
In such instances an inert gas is advisable. Uases with high
thermal conductivities such as helium or hydrogen can be used to
increase heat transfer by gaseous conduction. Additional informa-
tion on these matters is incorporated in Natural Cooling Methods
Section V.

3. Forced Air

Forced air cooling is an excellent cooling method, which can be
used if the spacing between parts within the subassembly is
adequate for air flow. Considerable heat can be removed by this
method. (See F&g. 50) Indi.*vi.dual parts .:ith heat dissipations
as great as 2 watts per sq. in. can be cooled at high Reynolds
numbers. However, the power required to force air over objects
and through dacts and heat exchangers may be considerable. Further,
the interchangability of forced air cooled subassemblies will be
rather limited to a few special equipments which are provided with
adequate fans and ducting for each subassembly. Further details
are incorporated in Forced Air Cooling Section VI.

139



L. . . . .. . .

r 7%

14 .- 4

c3 (

-'aR

140



4. Direct Liquid Cooling

This cooling means is particularly applicable to subassemblies
having high heat concentrations or those which must operate in
high temperature environments with small temperature gradients
between parts and cooled surfaces. Unfortunately, direct liquid
cooling can be used only in circuits which can tolerate the in-
creased stray capacitance and electrical losses due to the high
dielectric constant and power factor of liquids.

New equipments can be designed for several types of liquid cool-
ing systems any one of which may have cooling capacities greater
than that of forced air systems. (See Fig. 50) The cases of
sealed sub-assemblies can be designed for direcL immersion in the
coolant (indirect liquid cooling) or the electronic sub-assembly
can be filled with a liquid such as a silicone fluid (direct
liquid cooling). Cooling of directly immersed equipment may be
increased by the addition of forced circulation of the coolant.
However, this additional cooling is at the expense of more power
to operate the pump and the additional equipment. The weight of
directly immersed equipment may be reduced somewhat by spraying
the coolant over the heat producing parts and collecting the heat
bearing coolant in the bottom of the container and then pumping
it through a heat exchanger and back to the spray nozzles. Such
a cooling system represents a saving in the amount of coolant
liquid required, but requires a higher pressure pump and con-
sequently more power to run the pump than in the case of the
completely immersed equipment.

Liquid cooling is most applicable to power supplies, modulators,
servo amplifiers and wide band low frequency amplifiers. It can
also be used with certain radio frequency circuits, if considera-
tion is given to the dielectric constant and dissipation factor
of the fluid. The coolant must be chemically and electrically
compatible with the electronic parts and the case. If liquid
cooling is applied to equipments which operate over a wide range
of environmental temperatures, care must be exercised in making
sure that the coolant can not freeze at the lower temperatures.

Liquid cooling frequently permits a greater degree of miniaturi-
zation because of the larger permissable heat concentrations.
Further, if a coolant with a high dielectric strength is used,
voltage ratings can be increased. On the negative side, liquid
cooling requires that the containers accomodate expansion at
elevated temperatures. Unless the coolant is chemically inert,
it may decompose the electronic parts. Also, maintenance diffi-
culties are increased, and a leak may disable the unit. Repairing
of direct liquid cooled equipment is complicated by the necessity
for draining the fluid from the unit before working on it. Further,
the fluid may be contaminated when the unit is unsealed unless
extreme care is used.
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5. Direct Vaporization Cooling

Vaporization cooling is the most effective heat removal method
known. It has the advantages and disadvantages of direct liquid
cooling together with greatly increased cooling. (See Fig. 0)
Expendable systems are simple, but involve disposal of the vapor
and replacement of the coolant. Non-expendable or continuous
systems are complex, expensive, and necessitate the use of a heat
exchanger to condense the vapor back into a fluid. Vaporization
cooling systems are particularly suited to installations with
extremely high heat concentrations and those installations wherein
no sink is available or the sink is remotely located. This is
discussed further ir. Vaporizatior. Cooling Section VIII.

C. HEAT TRANSFER TO THE ULTIMATE SINK

1. General

The method of transfer of heat from the subassembly or unit chassis
to the sink is dependent upon the method of heat removal from with-
in the subassembly due to the common connection between the two
phases of heat rejectior. Further, the selection of the optimum
method of heat transfer for use in this phase is dependent upon
the type of sink available, its location, and its temperature.
The sink temperatures, both before and after installation of the
equipment, must be considered, since the temperature of local or
intermediate sinks may increase when the additional heat is added.

2. Natural Methods

Natural heat transfer from miniaturized subassemblies to the in-
termediate sink is probably best accomplished by metallic con-
duction cooling. In general, the reasoning discussed in part
B.2 of this section is aloe applicable. However, the intermediate
sink cannot be located at any significant distance from the sub-
assemblies. Small temperatu:,.: gradients are only obtained over
appreciable distances with metallic conduction cooling when large
heat conductors axe used, The cost and weight of such conductors
will probably be excessire. In certain instances structural parts
may be used, i.e.. the equipment may be thermally fastened to the
hull of a ship.

Natural convection and radiation may be used at the sink if the
sink is air of a relatively low temperature. The maximum heat
dissipated by the surfaces should seldom exceed 0.25 watts per sq.
in. and should be limited to approximately 0.50 watts per sq. in.
Even so, relatively high temperatures can. easily be achieved. It
is therefore recommended that this mode of cooling be used only
with equipments of low heat concentration, provided that the
rejected heat is not introduced into other nearby equipment.
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3. Forced Air

Forced air is more applicable to this phase of cooling than
natural methods, particularly if the sink is nearby air. The
air should be properly directed and distributed over the sub-
assemblies. Unit heat dissipations of the order of 2 watts per
sq. in. can be obtained readily. Supplemental data are pre-
sented in Forced Air Section VI.

4. Indirect Liquid Cooling

When electronic equipment is to be operated in high temperature
environments at high heat concentrations or when the sink is lo-
cated at a distance from the equipment, optimum cooling can be
achieved by a forced liquid cooling system. Greatly increased
cooling over that obtained by forced air is possible. This cool-
ing m-le, using fresh water, is especially recommended for ship-
board usage. 'Almost any reasonable degree of cooling can be at-
tained through the use of cold plate or cold panel heat exchangers.
See Sec. VII F.

Tndirect liquid cooling systems utilizing continuously circulated
fresh water appear to be especially applicable to shipboard elec-
tronic equipment. The heat can be removed from the fresh water
in a fresh water to sea water heat exchanger. Work on such systems
is continuing at this Laboratory.

5. Indirect Vaporization Cooling

This mode of heat transfer will provide ÷le maximum obtainable
cooling. It is recormended for use only with devices having ex-
tremely high heat concentrations. Its general application to
miniaturized eauipment remains to be determined.

D. DESIGN EXAMPLE OF THE SELECTION OF OPTIMUM COOLING RETHCDS - Example (8)

1. The Problem:

Construction of a piece of electronic equipment which dissipates
300 watts is contemplated. It is planned to oackage it in a
cabinet 9.75 in. x 15 in. x 17 in., which is to be located in air
at a normal room temperature.

a. Will any special cooling considerations be required for this
package?

b. Can this package be made smaller?
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Heat concentration s ted pwer
Volume

300 300
9.75 x 15"x 17 =

- .12 watts/cu.in.

This is a low heat concentration. No particular cooling
considerations are required provided that the unit heat
dissipation is adequate. See Fig. 50.

Unit heat dissipation * jDissipated power
Area of cooling surface

300 300
2x9.75x17 +2x9.75xl4S+2xlSx7

- .26 watts/sq.in.

Referring to Fig. 50, note that the maximum unit . dissipation
for free air cooled surnaces is in the neighborhood of 0.25 watts/sq.in.
Thus, the package with .26 watts/sq.in. surface area will be satis-
factory and no special cooling means will be required.

From Fig. 50 note that a unit heat dissipation of one watt/sq. in.
of surface area may be feasible if, for example, forced air
cooling is used on the external surfaces. Thus, with forced air
cooling it may be possible to miniaturize the package from a surface
area of 1135 sq. in. to a surface area of 300 sq. in. or less,
dependent upon the Reynolds number and provided that the heat con-
centration is not excessive.

External dimensions of 7 in. x 5 in. x 10 in. appear in order for
the miniaturized unit.

300Unit heat dissipation - 7x5x2+5xlOx2+7x10x2

300 approx. 1 watt/sq.in.

300 300
Heat concentration = 7 X 5 x 10 0

= .85 watts/cu.in.

This is a fairly high heat concentration. Metallic conduction
cooling could be used within the unit satisfactorily if paths of low
thermal resistance to the external surfaces are incorporated.
Liquid potting could be used as an alternate technique. (See Fig. 50)
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1. THE T•EURATURE LIMITS OF ELECTRONIC PARTS

A. GENERAL

One of the primary problems facing the electronic designer in the
thermal design of electronic equipment is the determination of the
maximum temperatures which electronic parts can withstand. The
maximum temperature is usually limited by the thermal coefficients
of the electrical characteristics of the part and their effect on
electronic performance, the degree of reliability and life desired,
and the temperature which the part can survive without outright
failure. The thermal effects on electronic performance are con-
sidered to be peculiar to the circuits involved and indirectly re-
lated to the heat removal problem. Therefore, a discussion on the
thermal coefficients of electrical parameters is not included in
this manual. It is realized that the degree of cooling can alter
the electronic performance by lowerin6 the temperature spread and,
in some instances, special cooling means will be required for this
purpose. However, in most electronic equipment, the life, reli-
ability and survival temperature are the primary thermal factors.

Much remains to be accomplished in the determination of temperature
vs. life or reliability for electronic parts. In general, such in-
formation is difficult to obtain. A reasonable collection of material
on the maximum survival temperatures of parts is available. However,
most of this data is in terms of ambient temperature which is in-
adequate in the design of densely packaged electronic equipment. It
is anticipated that the parts manufacturers will ultimately rerate
their products and also assist in determining their compatibility
with liquid coolants.

B. THE THERMAL LIMITATIONS OF VACUUM TUBES

1. General

Vacuum tubes are considered by some electronic engineers to be less
i5emperature sensitive than most electronic parts. This is par-
tially correct. The electronic parameters of tubes are stable
within wide temperature limits for certain life periods. How-
ever, if tubes are operated beyond safe temperature limits their
life and electrical characteristics will be significantly cur-
tailea in a relativeiy short period. Further, the removal of
heat from vacuum tubes is extremely important, since they are
usually the primary heat sources in equipment. Overheating of
vacuum tubes can lead to shortened tube life through: the accel-
erated formation of gas, resulting in positive shifts in bias
and progressive loss of emission; the thermal expansion of in-
ternal parts, causing shorts and changes in tube characteristics;
the formation of leakage paths, especially heater to cathode
leakage; changed contact potential; the formation of mechanical
stresses in glass resulting in envelope failures; and the ac-
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celerated development of cathode interface resistance. It is
also desirable to operate tubes as cool as possible to avoid
mechanical failures due to creep and fatigue of metals, parti-
cularly when the tubes are subjected to impact and vibration.

In general, vacuum tibes are properly rated in that "hot spot"
bulb temperature ratings have been assigned by the manufacturers.
Certain tube groups have similar temperature ratings, for example,
the premium subminiature tubes. Most of the special tubes,
ruggedized tubes and JAN tubes have specific thermal ratings.
The conventional receiving type tubes do not appear to be com-
pletely provided with such ratings. In fact, some conventional
tubes have envelope glass which is different from that of others
of the same type. It is recommended that the tube manufacturers'
ratings be closely followed. Most manufacturers welcome re-
quests for such information.

2. Heat Transfer Within Vacuum Tubes

The modes of heat removal within a vacuum tube are complex. A
high temperature emitting surface is necessary to maintain proper
electronic emission. Heater temperatures range from 10000 to
1300 0 C and cathodes operate in the neighborhood of 750°%. Tube
structures are designed so that the thermal resistance from the
heater and cathode to the envelope and leads is as great as pos-
sible in order to reduce the heater power to a minimum. However,
for circuit purposes, most tubes are provided with low inductance
leads to their internal elements. These leads can conduct heat
from the cathode and a compromise between these two requirements
must be made by vacuum tube manufacturers.

Much of the heat dissipated in vacuum tubes appears at the plate.
Almost all the heat produced at the filament, cathode, control
grid and screen grid is transmitted by radiation through the
vacuum into the plate. The remainder of the heat produced by
tube elements, other than the plate, is radiated to the inside
surface of the tube envelope and/or conducted into the tube pins
by metallic conduction along the tube element leads. The plate
is heated not only by the heat received from the other elements
but also by its normal dissipated energy. Plate temperatures
in vacuum tubes, other than transmitting types, normally range
from 350' to 4OO0 C. Almost all the energy dissipated by the
plate is transmitted by radiation through the vacuum and is ab-
sorbed by the glass envelope. Due to its transmission character-
istics, glass begins to be a poor transmitter of infrared radi-
ation at 2.5 microns. Thus, glass is essentially opaque to
radiation from sources near 4OO0 C, and only 6% of the energy
radiated from the plate is transmitted directly through the glass
envelope. The remaining 94% of the heat radiated from the plate
is absorbed by the glass. The glass is heated and reradiates
part of this energy at a lower temperature level and convects
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or conducts the reminder to the environment. Some heat from the
plate is conducted along the plate lead through the tube pins.
When plates operate at temperatures of the order of 750 to 8500C

& (cherry red), as in tantalum element transmitting tubes, the
majority of radiation from the plate passes directly through the
glass.

These modes of heat rejection from within a vacuum tube result
in a concentration of heat in the glass envelope adjacent to the
plate and to some extent at the base of the tube. If a tube is
mounted vertically and operated in free air, a small hot spot,
due to conduction through the leads, will appear at the base and
the envelope will have a definite hot spot at approximately two
thirds its height, opposite the plate, due to radiation through
the vacuum (see Fig. 51). Glass is a relatively poor heat con-
ductor and marked temperature gradients will appear in the en-
velope adjacent to the upper and lower edges of the plate struc-
ture. It is desirable to cool vacuum tubes in a manner that will
reduce such gradients in the envelope. Large temperature dif-
ferences can cause severe mechanical strains which lead to en-
velope breakage.

It can be concluded that vacuum tubes must be cooled primarily
by removing the heat from the envelopes. A portion of the heat
can be removed through the pins or leads at the base. A study
of the magnitude of heat removal which can be obtained by tube
pin cooling is in work at this Laboratory.

3. Limiting Factors

a. The release of gas is greatly accelerated when the temper-
atures of tube elements exceed certain limits. Most vacuum
tube elements are degassed at temperatures in the neighbor-
hood of 5OO0 C. The envelopes are usually near 3000 C during
this process. If the glass or element temperatures are per-
mitted to exceed these values after the tube has been placed
in service, gas will be rapidly released, the getter will be
unable to absorb the gases, and a gassy tube will result.

b. Minute amounts of emitting material usually migrate from the
cathode to the control grid. Should the grid temperature
become excessive, grid emission from these materials can oc-
cur.

c. The glass envelopes of most tubes should not be permitted to
operate at temperatures greater than 2000 C maximum. Premium
tubes are usually provided with a special glass which can be
operated at 2600C maximum. The voltages applied to the tube
elements can produce electrostatic stresses in the glass at
the base. The leakage resistance of glass at high tempera-
tures is much less than at normal temperature and appreci-
able current flow in the glass is possible.
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4. Vacuum Tube Ratings

j In general, the envelope temperature of small receiving type tubes
should be held below 1750 C "hot spot temperature" for reliable
service. A reduction of bulb temperature of from 200 0 C to 1600C
will result in a substantial increase of life expectancy of the
tubes. The cooling of the envelope is the most important consider-
ation when mounting the tube (see Section V). The development of
miniature and subminiature tubes has led to a large reduction in
envelope surface area and a large increase in the rated unit heat
dissipation. This means that the maximum envelope temperatures
were increased greatly over those of the conventional tube types.
Table 12 is representative for several bulb types:

TABLE 12

Unit Heat Dissipations of Typical Tube Types

Minia- Submini-
Octal ture ature

Bulb Type •* T-9 T-5 1/2 T-3

Bulb area, sq. in. 10.5 4.1 1.7

Maximum dissipation of 18.7 16.8 i.ý
tube in watts

Unit heat dissipation, 1.78 4.1 4.6
watts/sq.in.

Unit heat dissipation ratio .44  .85 1
(with respect to T-3)

Bulb temperature in free air at 16000 225°C* 28 0 °C"
23 0 C

Typical envelope temperatures for sea level and at 23 0 C ambient
temperature conditions are presented in Table 13 as an indica-
tion of the temperatures obtained with a single tube in free air.

* Note - excessive - not recommended by the author.
** Note - these heat concentrations apply to all of the tube sizes

mentioned.
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TAM 13

Typical Bulb Temperatures
at 23°C Ambient

Percent Maismum Plate Dissipation

Tube Type Bulb Size 20 4o 60 80 100

12AU7 T-6 1/2 770C 1000C 1180C 1330 C 1460C

6C4 T-5 1/2 6(40C 82 0 C 980C 1130 C 1250C

6AH6 T-5 1/2 88 0 C 1030C 1160 C 1260C 1320C

5U4G ST-16 1050C 1160C 12700 i•)8C 1149 0°

5687 T-6 1/2 1230(° 1400C 1550C 1550C 1830C

flith increased ambient temperature the following envelope hot
spot temperatires are reached for the above envelope typess

TA Ba 114

Approxivate Bulb Temperatures at Various Ambient Temperatures
(General values - not including correction for shapes)

Arabient Temp. Unit Heat Dissipation in Watts per sq. in.
(Sea level
pressure) 1.0 2.0 3.0 4.0 5.0

230C 1000C 1700C 2300C *2800C *3100c

1600C 2200C 2600C *3000c *3400c *3700c

2500C *3100C *350°U *3900c *4200C *4500c

* Note - Excessive -. not recommended by author
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Fig. 52 presents the relative temperatures of various tube
typeb. Fig. 53 shows the bulb temperature vs. ambient tempera-
ture for types 6AK5 and 5702.

It is apparent that, at maximum ratings, excessive vacuum tube
temperatures can oe obtained even in free air. When tubes are
used in equipment, these free air ambient conditions seldom ex-
ist. It is strongly recommended that the bulb temperature of
each tabe used in an equipment under design or development be
measured to make certain that safe operating temperatures are
achieved. Cornell Aeronautical Iaboratory Report HF-845-D-2 -
"Manual of Standard Temperature Measuring Techniques, Units and
Terminology" presents methods for such temperature measurements.

CAUTION: Extremely effective cooling can reduce the envelope
temperature to a level which is far below the maxi-
mum rated temperature. This is an excellent practice
but it should no, be used to increase the internal
element dissipation of tubes beyond their nominal
rated values. Such a practice i nazardous and over-
cooling should not be used in order to exceed the maxi-
mum rated power level of any tube.

C. THE THERMAL LIMITATIONS OF SEMICCODUCTOR DEVICES

1. GENERAL

Semiconductor devices are more temperature sensitive than vacuum
tubes. In a vacuum tube, the emitter (cathode or filament' oper-
ates at a relatively constant temperature which is essentially
independent of the environmental temperature. Such is not the
case in a semiconductor, since the temperatures of the active
elements are directly related to that of the environment. As a
result, a change in operating temperature usually modifies the
electrical characteristics of the device. Further, most semi-
conductors malfunction completely and become conductors at ele-
vated temperatures.

Certain circuits tend to stabilize the performance o: transist-
ors. Such circuits are not within the scope of this report.
In general, it is desirable to operate semiconductors at the
lowest practical temperatures. This will permit a minimum of
derating and maximum performance. Unfortunately, only ambient
temperature ratings are available for most of the semiconductor
devices. Several manufacturers are in the process of determin-
ing surface and Junction temperature ratings for transistors.
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2. Selenium Rectifiers

Selenium rectifiers should be derated above 5O0 C ambient tempera-
ture when more than 1000 hours of life are desired. At no time
should the peak surface temperature exceed 135C. The following
table displays typical deratings:

Ambient Temp. Per Cent of Per Cent of
Rated Voltage Rated Current

450C 100 100

60 0 C 100 80
80 100

65°C 100 61
80 80

70 0C 100 50
80 65

75 0 C 80 45
60 60

800 C 80 30
60 45

80°C max. 50 40

Fig. 54 also presents derating curves.

3. Germanium Diodes and Transistors

In general, these devices are extremely temperature sensitive.
Germanium temperatures of from 85 to 100 0 C at the junction or
point of contact usually result in the loss of the semiconduct-
ing characteristics. As soon as the temperatures are reduced,
the germanium can recover with only minor ill effects. However,
indium and other lco melting temperature materials are frequently
used in germanium devices and it is possible to permanently damage
them by overheating. Usually, it is not recommended that ger-
umnium devices be operated at peak internal temperatures exceeding
7$"C. Certain germanium and silicon devices for operation at
higher temperature levels are now under development. Manufactur-
ers' ratings on these devices must be accurately followed.
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4. Magnesium Copper Sulphide Rectifiers

Hermetically sealed rectifier cells of these materials can be used
at temperatures as higi as 2000 C ambient. Typical ratings follow:
Operating temperature range - from 70 0 to 200 0 C ambient. At ambient
temperatures !2'wer than 1000 C, operation at full rating should re-
sult in a life expectancy of at least 1000 hours. When fall life
(nominally 10,000 hours) is desired at ambient temperatures between
400 and 1000C, the following derating formula is recommended:

Per cent of 400C D.C. current rating - 100 x (130 - max.amb.temp.in °C)
90

5. Silicon Diodes

In general, silicon diodes can be used at maximum temperatures
ranging from 100 to 1100C. Silicon diodes and transistors for
operation at 2000 C are under development. Other thermal character-
istics are similar to germanium diodes.

6. Copper Oxide Rectifiers

In the region of the limiting value, that is, small current or
voltage, the dependence of such rectifiers on temperature is very
great. The internal resistance decreases exponentially with in-
creasing temperature. If the load resistance is significantly
larger than the internal resistance, the effects of temperature
sensitivity can be made to be negligible. Copper oxide recti-
fiers are rated for full load operation at hO to 50 0C ambient
temperature.

7. Dry Disk Titanium Rectifiers

These devices show promise for use at 1250 C ambient temperature.

D. THE THE RMiL LIMITATIONS OF MAGNETIC CORE DEVICES

1. General

Iron core reactors are considered to be less temperature sensi-
tive, performancewise, than any other electronic part, with the
exception of vacuum tubes. When an inductance is used in a fre-
quency controlling element, temperature sensitivity is, of course,
present. Iron core reactors are third in order of importance as
heat sources. Like vacuum tubes, reactors which are operated
beyond safe temperature limits will have short life. Excessive
temperatures can cause the failure of insulating materials and
conductors leading to high reactor mortality. Insulation does
not fail by immediate breakdown upon arrival at some critical
temperature, but by gradual mechanical deterioration with time.
Ultimately, a short circuit occurs and subsequent"cremation" re-
sults. Nith class A insulation, for example, experience indi-



indicates that the insulation life is halved for each 10 to 12 0°
increase in temperature throughout the practical operating temp-
erature range. With liquid cooling (oil immersion) the life is
halved for each 7 to 100C increase in temperature.

The heat generated in reactors is produced in the magnetic core
and in the conductors. The primary moce of heat transfer within
conventional iron core reactors is conduction. Due to the neces-
sity for turn to turn and layer to layer electrical insulation,
the thermal resistance between internal hot spots and the surface
is large, and high winding temperatures can be obtained. If sur-
face temperature ratings are not available, the internal tempera-
tures of reactors should be determined with imbedded the mo-
couples.

2. Limitin- Insulation Temperature

The life at the limiting temperature for any one class of insula-
tion may vary widely according to the quality of the material
used, the construction techniques, the mechanical strains imposeu
on the insulation, and the kind of service to which it is applied.
From the results of experience with equipment in service and from
laboratory tests on various insulating materials, limiting insula-
tion temperatures (called hottest spot temperatures) have been as-
signed by the AIEE. They are of primary importance and useful as
a point of reference or "bench mark" in selecting the practical
values of observable temperature rise. "Hottest spot" temperature
values are not directly applicable for use in rating since the
"observable" temperature, that is, the temperature which is di-
rectly neasurable in practical tests, is less than these peak temp-
eratures by an amount which may be widely different for various
types and sizes of reactors. This is due to the inaccessibility
of the hottest spot, non-uniformity of cooling, the thermal con-
ductivity and thickness of the insulation, the form of winding,
the rate of heat flow and the relative locations of the "hottest
spot" and the cooled surfaces. Therefore, temperature difference
allowances are included in the "hottest spot" (peak) ratings.

3. Class 0 Reactors

Class 0 insulation consists of cotton, silk, paper and similar
organic materials when neither impregnated nor immersed in a liquic
dielectric.

The maximum peak temperature for class 0 insulation is 90 0 C. The
temperature difference allowance between the "hottest spot" and
the temperature measuring devices is approximately 50C and the
maximum indicated temperature is therefore limited to 850C.
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4. Class A Reactors

Class A insulation, as defined by A.I.E.E., consists of (1) cot-
ton, silk, paper and similar organic materials when impregnated
or immersed in a liquid dielectric; (2) molded and laminated
materials with cellulose filler, phenolic resins and similar
resins; (3) films and sheets of cellulose acetate and other cel-
lulose derivatives of similar properties; and (4) varnishes
(enamels) as applied to conductors.

The usual maximum peak temperature for class A insulation is
1050 C. The temperature difference allowance between the "hottest
spot" and the temperature sensing element is approximately 50 C
and maximum indicated temperature is therefore limited to 100C.

5. Class B Reactors

Class B insulation consists of mica, asbestos, Mylar, Fiberglas
and similar inorganic materials in built-up form with organic
binding substances. Composite magnet wire insulation consisting
of Fiberglas layers covering polyvinyl acetal or polyamide films
are included in this class.

The maximuim peak temperature for Class B insulation is 1330C.
The temperature difference allowance between the "hottest spot"
and the temperature sensing element is approximately 100 C and
the maximum indicated temperature is therefore limited to 120 0 C.

6. Class H Reactors

Class H insulation consists oi (1) mica, asbestos, Fiberglas and
similar inorganic materials in built-up form with binding sub-
stances composed of si licone compounds materials with equiva-
lent properties; (2) Teflon, siliconE unds or materials
with similar properties.

The usual maximum peak temperature for class H insulation is
250 to 275 0 C. The temperature difference allowance between the
"hottest spot" and the temperature sensing element is of the
order of 20 0 C and the maximum indicated temperature is therefore
limited to approximately 230 0 C. For long life it is recommended
that the maximum indicated temperature be reduced to 200 0 C.

7. Class C Reactors

Class C insulation consists entirely of mica, porcelain, glass,
quartz and similar inorganic compounds. No upper temperature
limits have been selected for this class of insulation., It is
anticipated that the limit will be in the neighborhood of 260 0 C
because of the electrolysis which can occur in glasslike materials
at temperatures exceeding this level.
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E. THE THErMAL LIITATIONS OF RESISTORS

1. General

Resistors rank second to vacuum tubes in the order of magnitude
as heat sources. Almost all resistors have been designed for
cooling by natural means. Information related to their ratings
when liquid cooled is practically non-existent. In general,
resistors are proviaed with lugs or leads for free space mounting
and are thus cooled by conduction through the mountings, to-
gether with whatever radiation and convection is present. The
lead length and temperature of the points of attachment there-
fore can greatly influence the operating temperature of a resis-
tor in a given location. One of the factors which limit the
maximum temperature of many types of resistors is oxidation.
If the protective surface material, which is usually an enamel
or varnish, is damaged and exposed to the atmosphere, oxidation
of the resistance material occurs rapidly and the resistor is
destroyed. Hermetic sealing and inerting will tend to overcome
this difficulty. The ratings in the following sections are based
primarily on ambient rating in free air. Since the military re-
quirements ny be more stringent than the commercial ratings,
where different ratings occur, the Bureau of Ships' ratings are
included in parenthesis.

2. Fixed Resistors

a. Carbon film resistors

Pyrolytic carbon, borocarbon, cracked carbon and other similar
resistors have' essentially identical ratings for a given size.
They are rated for full wattage dissipation at 0OG ambient
Pnd linearily derated to zero wattage at 1500 C (1200C) ambient.
The maximum "hot spot" surface temperature for reliable ser-
vice is 12 00C to 1500C, dependent upon the allowable change
in value.

b. Composition carbon resistors

These resistors are rated for full wattage dissipation at
400 C ambient and linearily derated to zero wattage at 1000C
(70 0 C) ambient. The maximum "hot spot" surface temperatures
range from 11O to 1300C.

c. Printed resistors

The ratings of printed resistors vary widely, being dependent
upon the formulations utilized and the materials upon which
they are printed. In 6eneral, printed resistors are rated for
full wattage dissipation at 40OC ambient and linearily derated
to zero dissipation at 750C ambient. The maximum "hot spo4"
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surface temperature is usually 850C.

d. Palladium film resistors

These metallized film resistors are rated for full wattage dis-
sipation at 1000 C ambient and linearily derated to zero wattage
at 1500 C ambient. The maximum "hot spot" surface temperature
for long life is 2000C. Under short life conditions "hot spot"
surface temperatures as high as :30°C can be tolerated.

e. Glass resistors

Resistors consisting of a conducting metallic oxide film on
glass are rated for full wattage dissipation at 40 0C ambient
and linearily derated to zero wattage at 2000 C a::bient. The
maximum "hot spot" surface temperature for reliable service
is 225°C.

f. Molded wire wound resistors

dire mund resistors which are molded in phenolic materials
are rated for full wattage dissipation at 700C ambient and
linearily derated to zero wattage at 1500C ambient. Maximm
surface temperatures should not exceed 1500C.

g. Wire wound vitreous enamel resistors

The average wire wound resistor of this class is rated for
full wattage dissipation at 4O0 C (2500) ambient and derated
almost linearly to zero wattage at 2250C (160 0 C) ambient, de-
pendent upon the type. "he maximum surface temperature is
usually approximately 250'C (2750). Embedded and similar
high temperature wire wound vitreous resistors are rated for
full dissipation at 40 0C ambient and are essentially derated
linearly to zero wattage at 4 000C. Their maximum surface
temperature is 415 0C. Several miniature vitreous wire wound
resistors produced in England have the same ratings as the
embedded types. Liquid cooled ratings are available from
only a few manufacturers.

3. Variable Resistors

a. Wire wound variable resistors

Conventional low power, low operating temperature, wire wound
potentiometers with a linear taper are rated from two to four
watts maximum dissipation, dependent upon their size, at 400C
ambient and are linearly derated to zero wattage at 1050C
(1000C) ambient. Non-linear tapered controls are rated for
.01 watt dissipation per degree of rotation at 4O0 C. The
ratings of power rheostats vary, dependent upon their con-
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stituent materials.

Sb. Composition carbon variable resistors

Ordinary variable carbon resistors are rated for one half w tt
maximum dissipation at 4 00 C, linearly derated to zero at 775C
(85 0 C). Special high temperature units are rated from two to
one half watt maximum dissipation, dependent upon their size,
at 70 0 C, and are linearly derated to zero at 1500 C (120 0 C).

F. THE THERMAL LIMITATIONS OF CAPACITORS

1. General

Capacitors are not normally considered to be heat sources, with
the exception of electrolytic capacitors having high leakage cur-
rents and capacitors with relatively high loss factors in radio
frequency circuits in transmitters. The surface temperatures of
canacitors are usually those of the thermal environment. In
general, the leakage resistance of capacitors decreases with tem-
perature, so that their usable maximum temperature is determined
by the permissible circuit losses and their survival temperatures.

2. Fixed Capacitors

a. Paper dielectric capacitors

Most paper capacitors have'an upper temperature limit of 75
to 85oC. High temperature paper capacitors have an upper tem-
perature limit of 125 0 C.

b. Synthetic film dielectric capacitors

Capacitors using "Teflon", "Mylar", "Thermofilm" and similar
plastic dielectrics show promise as substitutes for paper
dielectric capacitors at temperatures ranging from 130 to 200 C
ambient. Such capacitors are still under development and until
more definite information relative to the life and thermal
capabilities of these capacitors are known, it is suggested
that the application recommendations of each manufacturer be
closely followed.

c. Glass dielectric capacitors

Glass capacitors are rated for service at 2000 C maximum.

d. Mica cielectric capacitors

Mica dielectric capacitors are limited to peak temperatu-es of
the order of 1200 C when they have plastic cases. Mica is an
excellent high temperature dielectric. Mica capacitors with metal
cases, or without cases, can be used at elevated temperatures.
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e. Vitreous enamel capacitors

These capacitors are rated for 2000C service.

f. Barium titanate dielectric capacitors

Capacitors with high K ceramic dielectrics have upper tempera-
ture limits of the order of 85°C.

g. Electrolytic capacitors

High quality conventional electrolytic capacitors are rated
to 850C maximum ambient temperature. Tantalum electrolytic
capacitors, dependent upon the type, are rated at 125, 150,
175 and 200oC maximum ambient temperatures, respectively.

3. Variable Capacitors

Almost all variable capacitors, with the exception of the barium
titanate dielectric type, use dielectric materials capable of
service at 200 0C.
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XI. iECOJaNDhTIONS FOR DETERMINING ,ND IOROVING THE THEULL PERFORNANCE
OF ELECTRONIC EQUIPMENT

A. THE THERMAL ANALYSIS OF ELECTRONIC EQUIPAENT

The adequacy of a given thermal design can be determined by test
under either actual or simulated conditions and environments. Such
a test may involve marn considerations, measurerents, and evaluation
procedures. Such items as temperature, pressure, and air flow
measurements, proper simulation of the design environment, blower
power measurements and electronic performance are involved. Caution
should be exercised in avoiding radiation and convection effects
associated with nearby walls. .lso, stray air currents should 1e
eliminated.

Coverage of all these items is beyond the scope cf this manual.
However, excellent treatment of air-cooled equipment is contained
in KF Technical Report No. o579 (see Ref. O). This report is a cun-
prehensive manual on the testing and thermal evaluation uf air-cooled
electronic equipment. The factors outlined in Section III pertaining
to environmental ratings should be consioered. in general, tre tem-
perature rise within an equipment will be relatively constant over a
fair portion of the operating temperature range, all other factors
being unchanged. If modifications to the cooling system are necessary,
all thermal tests should be repeated after modification.

B. IMPROVING THE THE•idL PERFOlaINCE OF EXISTING ELECTRONIC EDUIPLýNT

Xithin certain limits the thermal performance of existing equipment
can be improved by modification. Improved natural cooling methods
and other similar simple techniques car be incorporated into much of
the current equipment.

The variety of cooling methods for existing electronic equipment which
is either malfunctioning due to heat or which must be operated in
thermal environments more severe than originally specified is limited.
An optimum cooling method for sudc equipment would probably depend on
the complexity of the installation, space, power, location, cooling
media available, cost, and other such considerations.

In general, the addition of forced convection may be the most practical
method. Another possible method is to cool the equipment cabinet with
a water cooled heat exchanger in intimate contact with the surface of
the case. Shipboard electronic equipment that has been designed for
cooling by forced air and is mounted in relay racks and cabinets can
be modified by installing water cooled heat exchangers (cold panels)
on the inside surface of the cabinet. The air ii,3ide tie cabinet
should be recirculated through the equipment and across the cold
panels.
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Consider an electronic equipment wL'ich operates satisfactorily in
a specified thermal environment but must now function in a compart-
ment with a higher temperature environment. Malfunction will
probably result if supplemental cooling means are not provided.
Several pertinent considerations follow:

1. Can the equipment operate satisfactorily using compartm!ent air
in forced circulation ;;ithin or around the equipment'. If it
appears that compartment air can be used, other factors, includ-
ing compartment air inlet and outlet facilities, air ducting re-
quirements and fan power requirements, should be considered.
It must be remembered that the rejected heat in the form of hot
air cannot, in general, be dissipated into a compartment without
increasing the temperature within the compartment.

Existing ventilation and air conditioning systems cannot always
be utilized for equipment cooling. The system may be overloaded
by the added heat load, rendering the space uninhabitable for
personnel.

Hot spots within the equipment can be a source of trouble. Air
may be forced through ducts and directed upon such hot spots.
This is one cf the most simple and effective means of hot spot
cooling of existing equipment. Care must be exercised to prevent
the resulting hot air from overheating other electronic parts
which may already be operating at or near their maximum tempera-
tures. Thus, it is important to consider not only inlet air
ducting, but the collection and removal of the hot air as well.

If forced air cooling exists in the equipment, improved air flow
distribution within the eq-ipment may be obtained by judicious
placement of ducts and bafIles. In some instances blowers are
located haphazardly. The air should be directed to the tempera-
ture limited parts and hot ,i;ots. Temperature indicating paints
can be applied to locate critical items. Fins may be added where
necessary to provide larger cooling surfaces. .There required,
critical parts may be relocated in the most advantageous position
with respect to the coolin, air. Metallic conduction cooling of
temperature limited parts con be improved by better mounting
methods. )ee Section V.

2. Will the electronic equipment be placed near other heat sources
such as a hot pipe or other equipment? There may be alternative
locations available. Also, perhaps radiation shields might be
used to minimize heat transfor from other heat sources to the
electronic equipment in question.

3. Is water available in the c'xnpartment for water cooling of the
electronic equipment? For exa:ample, water cooled tubing might be
soldered to tne cabinet. _U this instance, make sure that the
surfaces involved have sufficient area to remove the heat from
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the cabinet. Another possibility is to force the internal air over
water cooled extended surface coils. See Section VII. The air
could be recirculated in a closed duct system. Alternately, the
assemblies and subassemblies can be made into more effective heat
exchangers. The electronic equipment may be packaged in an elec-
tronic equipment console constructed so as to contain trays with
liquid or air to carry the heat away. hs previously mentioned, a
liquid would be preferable.

4. If sufficient air or water is unavailable for cooling purposes,
other means must be considered. One possibility is to force air
over co. )ir coils, the air being recirculated in a closed system.
The cooling cculc be accomplished by a vapor-compression system
using a refrigerant such as one of the Freons. The refrigerant
condenser can be located remotely for uir or sea -.ater cooling.
It should be noted however, that considerable equipment is required,
including piping, a compressor, a drive motor, a condenser, and tne
various c-ntrols. Further, the work of compression together with
the heat removed from the electronic equipment. must be removed in
the refrigerant condenser. Expendable evaporative cooling could
also be used when cooling air or water are not avail 1,Ic.

While the above generally recommends ducting air directly to the inside
of equipment, it should be pointed out that great care must be taken
in the design of the cooling air attachment fittings so that a minimum
of space, weight and maintenance time is expended through their usage.
The equipment should be easily connected to the duct when the equipment
is slid into place on its rack. For simplicity, it is desirable that
only air inlet ducting be provided.

The current practice of circulating cooling air at random through a
cabinet containing several items of equipment can be very inefficient.
With this arrangement, some pieces of equipment nay be over cooled
while other items may be inadequately cooled. A more efficient cooling
system is possible if the cooling air is ducted directly to each equip-
ment item in the quantity required.

C. THE DESIGN OF EFFICIENT ELECTRONIC CIRCUITS

It is well known that the electrical efficiency of most electronic
circuits is very low, ranging from almost zero to a few percent. Care-
ful design will, in certain instances, increase the efficiency and help
to alleviate the heat removal problem by reducing the dissipated power.
It is recommended that each circuit be reanalyzed during its development
and if necessary, be redesigned to obtain the highest practical efficiency
prior to initiating the heat removal design.

To design efficient electronic circuitry it is necessary to examine each
electronic stage individually for useless power being dissipated as heat
during stand-by and full-output conditions. Secondly, an analysis of
the normal operational duty-cycle should be made. This will provide an
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indication of where the greatest quantity of power is beinj wasted
Lnd which of the efficiency measures described in this section
should be utilized. Fig. 55 presentt relhtive circuit powers.

1. Reduction of Operating Voltages

In most circuits, excepting those wherein large output signals
are rquired, vacuum tubes will function satisfactorily with
adequate gain at plate supply voltages ranging from 80 to 125
volts. It is suggested that plate voltages of this order be

applied to reduce the plate dissipation, instead of the usual
200 to 300 volts. In general, the gain will not be significantly
reduced and the life will be increased. Further, lower voltage
parts which are smaller, lighter,- and more economical, can be
used.

2. Reduction of Power Dissipated During Stand-1y Conditions

,iith equipments that hawr long stand-by periods, as compared to
their operational periods in a normal duty-cycle, it is often
possible to redesign the equipment to make use of plate circuit
switching so that the plate scpply will be de-energized during
the standby period. Further, it is possible to reduce the filament
voltage of vacuum tubes from, for example, 6.3 volts to 6.0 or even
5.9 volts during stand-by without serious effect on the operation
of the circuit or the life of the tube.

3. Use of Semiconductor Devices

6eniconauctor cevices are more efficient electrically than vacuum

tubes. There are instances wherein tne application of such a
device ;ill serve to increase the overall efficiency of the system.
These devices are extremely temperature sensitive and must be
treated accordingl.y. However, with proper care and stable circuit
design it is possible to obtain satisfactory performance, especially
in relatively low temperature en:ironnents.

U.Use of :agnetic Lmplifiers

Electronic engineers are, to some extent, prone to overlook the
advantages of magnetic amplifiers. In certain low frequency circuits,
saturable reactors have outstanding advantages. The inherent
efficiency of a nagnetic amplifier is high. Vacuum tubes are
essentially variable resistors, dissipating much of their power
input. Magnetic amplifiers are variable reactors exhibiting an

nmped�nce rather than a resistance. The power loss is correspond-
ingly low.

Use of Special Circuits

rn examination of most equipments will reveal that only the power
zutput stages require laroe input power. Often the preceeding
stages are operated at excessive power levels with respect to



UU

C))

1167



their function. More efficient designs will decrease the power
dissipation and perhaps eliminate some of the intermediate stages.
As an example, a radio receiver could operate with the RF and IF
amplifiers at low voltages. Only the audio output stage would
have high voltage and it could operate in class B. Power output
stages should be built to a design limit instead of using, for
example, a ten watt stage where only a five watt stage is required.
In certain applications semiconductor rectifiers can be used in
voltage multiplying circuits for high voltage power supplies, thus
eliminating a vacuum tube and power transformer.

In some amplifier applications it is possible to use a pentode tube
in a "starved circuit" and achieve an increase in over-all gain
together with a reduction in dissipated power. The additional gain
may be utilized to eliminate a stage of amplification or be applied
as increased feedback to stabilize the system.

In operating a direct-coupled pentode amplifier in a "starved
circuit", it is necessary to operate the pentode with a screen
voltage below 10 per cent of its plate supply voltage and to in-
crease the plate load resistor to ten or more times its normal
value. The starved condition decreases the transconductance and
increases the plate resistance. This results in an overall increase
of the amplification factor. Additional advantages are that it
requires few parts and has a gain of 1000 compared to a gain of 350
in the conventional R-C-coupled circuit. On the negative side, it
is limited in high frequency response by the large load resistance
in the plate circuit. This deficiency may be overcome to a small
degree by the addition of negative feedback in the circuit.
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APPENDIX A

Symbols ani Nomenclature

Units
Units Commonly

Engineering Used in
u Qantity System Electronics

A Area, surface or cross-sectional sq. ft. sq. in.

AHP Air horse power h.p.

a Convection modulus equal to g(3P 2.
S(ft.)3(°F)

b Constant in convection equations

C Constant in convection equations

c Specific heat Btu

CFM Flow rate by volume cu.ft.
ain.

D Diameter, De equivalent diameter ft, in.

dt Rate of change of temperature with OF oC
dL respect to distance ft. in.

E Electromotive force volts

Fa Configuration factor in radiation
equation

F Emissivity factor in radiation equation
e

FHP Fan horse power h.p.

G Mass velocity lbs.
(sq.ft.)(hr.)

g Acceleration due to gravity ft./hr. 2

Gr Grashof number equal to g g& t 32
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APPEDIX A (Contd.)

Symbols and Nomenclature

Units
Units Coi-mnonly

Engineering Used in
Symbo Quantity Sytem Electronics

h Coefficient of heat transfer Zstu watts
(hr.)(sq.ft.) (TU (sq.in.)(°C)

hc Convection coefficient

hr xiadiation coefficient

hcont t Contact coefficient

I Cur rent amperes

k . .(Btu)(ft.) (watts)(in.1
k Thermal corductivity (hr.)(sq.ft.)( 0 F) (sq.in.)(OC)

L Length, characteristic length in ft. in.
convection equations

M. Exponent in convection equation

I Number of rows deep in tube banks

n Exponent in convection equation
hL

Nu Nusselt number equal to h-

i Absolute pressure lbs.
sq.ln-.

Pr Prandtl number equal to .2-
k

q itate of heat transfer Btu watts

qc oy convection

qr By radiation

qT Total
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APPENDI A (Contd.)

Symbols and Nomenclature

Units
Commonly

Engineering Used in
Symbol Quantity System Electronics

R Resistance

Electrical resistance ohms

Thermal resistance (hr.)(sq.ft.)(OF) (sq.ft.XoC)
Btu watt

r Radius ft. in.

Re Reynolds' number equal to

SL Longitudinal pitch of tube banks ft.

ST Transverse pitch of tube banks ft.

T Absolute temperature OR oK

t Temperature, 4 temperature dif- OF oC
ference, tm mean temperature dif-
ference

V Velocity ft. , ft.
hr. min.

W Flow rate by mass lbs.
hr.

Coefficient of thermal expansion
(for gases numerically equal to cu.ft.
reciprocal of absolute temperature) Tcu.ft.)(OF)

SDifference

E Emissivity

MA4 Viscosity lbs.
(ft.) (hr.)

Density Ibs.
cu.ft.

SSum of

O Stephan - Boltzmann constant Btu watts

(hr.)(sq.ft.1 71)4 (sq.in.)(°K)4
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APPENDIX B

List of Associated Cornell Aeronautical Laboratory Reports

Date Bu Ships
Heport of Contract

Description Number Issue Classification No.

Survey Report of the State of the Art HF-710- 3 Mar. Unclassified NObsr-L9228
of Heat .ransfer in Miniaturized D-1O 1952
Electronic Equipment

Supplemental Bibliography to Survey HF-710- 3 Mar. Confidential NObsr-49228
Report of the State of the Art of D-lO 1952
Heat Transfer in Miniaturized
Electronic Equipment

Manual of Standard Temperature HF-845- 1 June Unclassified NObsr-630 4 3
Measuring Techniques, Units, and D-2 1953
Terminology for Miniaturized
Electronic Equipment

Final Development Report on Standard UM-647- 1 Sept. Unclassified NObsr-u3431
Packaged Electronic Video Amplifier D-22 1953
and Hydrophone Audio Frequency
Amplifier Subassemblies

Design Manual of Natural Methods HF-845- Scheduled Unclassified NObsr-63OL3
of Cooling Electronic Equipment D-8 for Sept.

195L

Design Manual of Methods of Liquid HF-845- Scheduled Unclassified NObsr-63043
Cooling Electronic Equipment D-9 for Liar.

1955
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,J'PENDiX C ThBLES AND 6HARTS

ThBLE 15

Heat Sonduction Data for Various Laterials at Approximately o$0c

Density Heat Con- BTU/(hr.) Comparison
lb/cu.in. ductivity - k (sq.ft.)°F/ft with' yellow

watts/(sq.in.) brass Dn
( 0 C)/in. -mt. basis*

Silver 0.380 10.6 211
Copper 0.322 9.7 220 9.9
Gold 0.696 7.5 171
Alxuminum, pure 0.098 5.5 125 -

Aluminum, 63S 0.1O0 5.1 i .1
Magne sium 0.063 1..0 91
High-beryllia 0.109 to 0.136 1.7 to 3.9 38.7 to 88.7 ).95 to 5.2

ceramics
iLed brass 0.316 2.5 63.7 1.1.
Yellow brass 0.310 2.4l) 51.b 1.)
Berylliumr copper 0.297 2.1 4 7.8 .E
Pure iron 0.284 1.9 ý13.2
Phosphor bronze 0.318 1.3 29.6 2. '3
Soft steel 0.264 1.18 26.8 .
Monel 0.318 0.9 20.5 O. 36
Lead 0.409 0.83 16.9
Hard steel 0.284 0.65 14.8 a.3
Steatite 0.094 0.06 13.6
Pyrex 0.09. 0.032 0.728 0
Grade A Lava 0.085 0.03 0.083 5
Soft lass 0.091 0.025 -5.509 .
dater 0.0361 O.01'7 0.360
Mica 0.101 0.015 0.3411
Paper-base phenolic 0,0497 0.007 0.159 0.058
Plexiglas 0.013 0.0047 0.107 0.016
P-43 castin resin O.01,5 O.0Oh6 0.105 0.103
Maple 0.025 O.0012 0.C90 O, I2
Pine O.O18 0.003 O.267 -'.121
Polystyrenm 0 .038 -.0027 0.0O1 .009
Glass wool 0.001 -. 001 0.023 9.

^ir 0.000013 C.0007 6. Clo 2.21

*_omruteu as follows:

heat conouctivity (material) density (yellow brass)
hePt conductivity (yellow brass) density (material)

(From Ref. 1)
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APPMDIX C (Contd.)

TABLE 16

PHYSICAL PROPERTIES OF THE USEFUL METALS

SUSAC CL 40 a. 0J Wi x

Aluminum 2.67 ... 1217 3272 0.0070 48 53 18,000.027
Antimony 6.76 .050 1166 2624 : 050 4,2 3.5 I1O000

Bismuth 9.82 ,0301 520 2300 J•.0050 1.8 1.3 6,400

Brass '8.6 .092 1650± .... . O0064 310 17 40,000
2.5 r :. 0 51 ... .. 3 500

Bronze 8,9'6) .086 1650± .... 0'.00'57 . .. . 25,000

Cadmium 8.65 ,0567 609.6 M O3 .0094 .... .... ......

Cobalt 8.55 .107 2696 .... .0037 .... 19.9 34,400

Copper 8.85 ,093 1981.4 5050 .0051 89 99.5 30,000
German silv-r 8.5 -09b 832 ......

Gold 19,258 ,032 1945,5 3992 .0044 53.2 76.7 14,000

Iridium 22.38 .032 -280± ....-. 0020 34 30 ......

iron 7.9 .113 2786 427 3 2 .0036 18 3 39.500i

Iron, cast 7.22 .1298 ý2'20000 .... .0033 11.9 1 ý ......0270027
Aront ron ht 7.76 .00 29006 2 .0035 .... 37 50,000

2900ý~ .08 1600Lead 11938 .031 621. 23600 .0088 8,2 7.6 2,400

Magnesium 1.75 .025 I? I 2048 ,0083 37.6 35.8 20,000

Manganes e 8.0 .... 2246 3. 52 ..... .... .... ......

Mercury 13,58 .033 -37.97 680 .0182 1,8. 1.7 . .,000

Nicnel 8.9 .109 2642 .... .0037 1. . .9 100.000

Camium 22.5 .031 6890t ... . .0020 .... 16 ......

Palltdium 12.0 .058 2822 ... .0036 17 195 503 000
20 30,000

Platinum 21.5 .032 31915 . .39 .0027 17 70 50,000

Rhodium 12.3 .058 3542 .... .0026 30 23 ......

Silver 10.51 .057 1760.9 3550 .0058 101 I 00 36,9000
.90l 6 16 500000

Steel 7.9 .117 25500 ..... 0030 1. 3 20,000

Tantalum 14: 036 5250 .... .0024 .... 9.9 ......
Tin 7.35 .056 449,4 3800 .0069 15.2 11.3 5.00

Titanium 3.54 .. 3260t .... ..... .... 13.7 ......
Tungsten 18.8 .033 6152 ..... .... 23 500.000

9 000
gnium 17 .025 786.9 17204 .0088 23.6 26 20.000

ercur 73.58 .03 -3.7 68 8268 .S14. 0,0

From: U,1oefl Dataý for Electrical Men 3-General Electric Co.
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iABLE 17

I EM•PLRATURL CONVERSIONS

The oriodle colvir H-t igiures (in bold tyoe) contains the reading ( F or C)

to be convertud. If ccnverting from degrees Fahrenheit to degrees Centigrade

reoid tie Centiorao~C equivalent in thc colu,.n huade.i "C". If converting fror

degrees Ceot i gr2je .no iegrecs F ahrcnml iL, r!ad Le Fbhrenheit eCu ival ent in

the colu: ,n hea.Aud "F".

F__C F C__ F __C___ c

-1264 RAR -66 67 7350 a 52 11 1 3776 If' 9801
1229 -K4i -- b. 56 4>2 54 1222 381.2 104 P0110 ". 1 .-11 2 -a4 - 64 44 1J28 a 50 13 33 2848 100 6111 , I

-116 -m -63 33 "i 14 58 1444 388.4 198 92.22

-112 0 -80 -6222 144.0 60 10.56 382.0 200 93.33 . 2 1,1

-108.4 -18 -- 111 1438 a 62 1667 395.6 202 94.41 G' 11; I ;
-1048 -,•1 -- 60 00 147, 2 64 17 78 399.3 204 95 56 L 4 . :4 .,
-1 01 2 -74 -68 9 10 86 66 18 89 402 8 "0 96 61 I',(! 2 1

-87 6 -- 27 - 07 78 154 4 6 2 20.00 4064 204 97 '16 ' a ' 1 1 21. ,
- 6I.0 -- 0 -606.07 1000 70 21.11 410.0 4 10 96.81 . .1 il "o 11

-10 4 --64 -- 5 58 161.6 72 22.2 4136 212 10000 01-d) .4 l,1l :12 )'
6 .6i -- 1.i . 44 " 3 4127.2 214 101 "1 'j)1i I4 1A I

-. 83 2 -61I -53.33 168 8 76 24.44 420.8 214 1032 22 1) 1 ,01 4 i I
-769 4 - (,! -52 22 172.4 i7 25 50 424.4 21) 1031 3 'I II t -I, , , I
- 76.4 - 60 -- 51.11 176.0 90 26.67 428.0 220 104 41 .: 1 2 1,)1 2 + .

72 4 .4t -o50 0 170.8 12 27.78 431 Ot 222 105 5 1) 4110 42"; ;a

64 4 '.; -- 418 NJ 1832 84 28 89 435.2 224 10; 47 67 . 1 I>0
6.5 " - 47 "8 186 8 s0 30.00 4388 224 1017 , 07
61 0 41 67 190.4 8 31.11 4424 228 10 9 , 89 1., I, l

58 0 + -45.50 1940 90 32.m2 446.0 230 110) 0i0 . 2 00)
544 4H -- 44 44 19786 2 33 33 449.6 232 111 11 i , 1 33

, l A i 4 .33 201 2 I4 34 44 453.2 234 112 J A 1 9 4 i )t, 4 %14
44 -4222 2048 00 3S56 456.6 230 1131 . .l.3 J 5MU

41 6 4' -41 11 208 4 0s 3G G 7 4604 238 114 44 f, d 5 1.,
40.0 10 -40 02 212.0 100 37. 7a 464.0 240 110 .8 b 57 A 514 .u 7. p

-301 4 -- 4 - 38 P9 2156 182 38 89 487 8 21) 110 67 09,0 8 514 1'l f I
31 5 .• - 2A 9 2 104 4003 471 2 214 117 A4 DC1.; 4 lit 5' ,

At 3 667 222 8 1041 41.11 474 8 210 lid 81 911'))41 0 ,r.) 'I i ;
6 3 z , .,5 224 4 log 4222 478.4 9 12000 ( '; '! , I 2

220 3 - J4.44 220.0 11o 43.33 482.0 2 1, 131.11 U45.3 bt 33;j3

184 -- 4K -313 3 2336 112 44.44 485 6 25' 12223 U A 11 11
14 8 -'11 , 4 ", - 237 2 11l 45.58 40 2 " 7 1 12 314 1., . j

2 "1 31 1 1 2408 aI1 46.G7 492 8 20) 121 44 t 0 r.
, , t'' 04) 24'14 )la 47 78 491i 4 2f4 I1 . 56 L,, a %.I

40 0 - ý 248.0 1M 488.6 501)4.0 260 126.47 5113. 3 t OI

04 I --. ':71 251 0 12i 5000 603 6 261! 127 is tirw28 r.3,; 21 rC"3 2 2. 5 2 12 4 5 1 11 01) 1 2 2 1 A 1 .1 h h 19 1 " W) 4 ". ;is 2 : 1 1 1

60 II '. 201 8 1 5:- 0)06 2U'; 301 U 11)0 a r. Id. :' P
10 I I 2) 44 26 0 4 1 5 514 4 !,;K 131 11 lc,7): 6 5 !2), , , I I

- 4, 2It 31 1H 1O 130 5l 80 18.0 2.0 13J2,j I11.2 oil 04

178 -8 -2322 :16 1:2 -'9 521 6 277: 1)1 13 1n11 1 1 W
+21. ~6 .3111 532 1:16,'. 00 23 11lý444 1.4 14249 ...4 --.211)O0 211,0 Il; b 1)0 5,, 5 )) 21 .~l •,, 134 l1,!251ii .. I .

-+ 26.4 8 -Z -1689 2,1.' 13+ 01, 0334 "4 .t, I8I2,, ! 4

422•. 0 -0 -17.76 2,1) ) 14a 530 3) •( 1) 13 1'.O ) ' ) ,

4238 -t42 -10617 2917.6 142 61 1 01309 20' 171 ' Ir'3I 0 " 'nl I

.3q2 +4 -15 58 291.2 144 01222 A
o428 a -- 14 44 2048 140 93 3 541 * 14

- 04 4-8 -- 1333 298) 4 11 0444 ' d ,' L

W .0 -0 iO -12.22 Ju20 1,0 65. ., I ,- u U,

+53 6 -4It -- IIt 0ob a 150 608 7 ' ,' . lO : ,
-t512 +14 -100.1 309.2 1M4 617 18 ,
+ 808 4" fw - 8 6 312.8 1A )d9 19 .4 A " L r

484 4 .1+ - I7 tt 316 4 188 '1000 '.. . ;
t68.0 +20 -6.67 32000 10 11.11 14!1 1., C,, , i 44

4716 +t2 - 668 323.8 1262 72 .2 :, ')) I 1.1 , ) 1,,i i)
t 75 2 +24 - 4 44 3J,7 2 1u4 73 33 .2 364 151 1 1
4 . 8 ±+26 333 330.6 10 l 74.44 ' 7.1., 2
4824 +28 -2.22 3.44 lAo 7508 5'3') 111).) r.

-- 86.0 +30 -- 1.11 338.0 170 '1.67 3 1 (Il) 101 44 31) '2) .

4 .90 6 482 600 341a 172 77.70 -).' 71I. 1,53 • 7'10 730 -3P179
6 93 2 +34 * 1 11 345 A 174 7969 , .11 s', 13 I)" 00 " I" .

f o 8 400 so 32 3486 176 800 If1" it, 111 ;t :, ..
1004 +43 3 J33 352 4 176 61.11 1 " I .1)' 1',' 9 14 0 7,l,) o 1'

-10440 U 40 t 4 44 36.6.0 180 23.23 1', 0 :u,11 106 O 14180 0 1)) 4.1, 1

1076 02 500 3696 1112 6333 ) 4, ' 161 11 )ll , 13,) )) ,1,"11)2 4 6 C7 363 2 164 84 44 4 3 2 IHI 1 22 -1 0 "1 01 .; -11
114 6 40 7 918 346 8 198 90b)0 01. 'I *', 13 3:) l..) 1)) 4 33
1114 46 8989 3710 4 19. 946 022 4 .$' , 1l 44 1r,10 6i)1 4I
122.0 so lO 042 3J4 0 1o0 8'1741 12, 0 0,,., 11)1., !SO,) 61. 0 ,

-3.))



APPENDIX C; (,ont"'.)

T.-L12~ 1-

Properties of

I~k.
ýlpec-,,f c P0 T'icn.-.a k,.f .f

Heat, Density, Vi~scosity, Co;u tývi, d t '>c
_____ Lb. Ecr -__ _ L r C,

1~. 0 F)~u±t.(f t.)%~ n)f t.)` 'F)

'.29 oo0t,8 o.03, 0 .0116 o 2!L i

2 3 C0 -OU3 0.04,0 0 c 13 0 7,0

.24 J .0L)7 79 0. 3 C.0L.31ý5 0-71 0. D",-ý

0 , 2 C.07328 0,.0]. 0.32150c0 -- '7

0. i 0.051 O.00. 11 210.0"
-)3 - .4-1 0O1bol 0.052 0.0½Ž 0, r9:, 01 2c

1.02:.05599 . 0.()1:5

.2 0 10.0322 OFH5 11.021, -

7'3 90 0.0 Jt -.I

4s5 23 2 .,DL c.3 t o0 Xl5 01291

ZýC. 0.2-i )L!3' 0.067 J-250 00 Q

2 02L 0,..ý393 C..070 D . 0

15 0 23 :f C-X)0?7-:,

7D --1. C.2-.: O2t7 )-2t)'t 0r~'r

T 7e ro; r r,,' -'--d)ncr ~ c '9

176



APPENDIX C (Contd.)

TABLE 19

Properties of Air, Helium, Hydrogen, and Nitrogen

at 1000 C. (212 0F.)

c A k a

Btu lb. lb. B tu C" 1

(1b.) (*F) cu.ft. 'ft.Xhr.) (hrX(ft.)(OF) k (cu.ft.)(°F)

Air o.241 0.0591 0.0527 0.Ol84 0.669 539,300

Helium 1.25 0.00816 0.0544 0.097 0.700 9,810

Hydrogen 3.43 0.00411 0.025L 0.129 0.676 11,000

Nitrogen 0.25 0.0571 0.0507 0.0180 0.70 56r,900

From: Severa1 sources
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APPENIXn C (Cont~qj

TA TLE 2O

Emissivity Values of Common Materials

Materials "Emissivity at Low Temperature

Lampblack 0.95

Dull-oxide-type paints 0.9L

Asbestos and most nonmetallic 0.93
insulating materials

1ýost glass-type paint & enamels 0.66

Oxidized steel 0.75

Oxidized copper 0.70

Oxidized brass 0.60

Aluminum paint 0.27 to 0.67

Oxiaized nickel or monel 0.42

hnodized aluminum ) 0.22 to 0.4O normally, but
may vary fron. 0.05 to 0.75,

Oxidized aluminum ) depending on thickness of
film.

'Tor higher temperature values, see table 21.

From: •ef. 4
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APPEND•iX C (Contd.)

TABLE 21

Total Emissivity Values for Various Metals _ Glasses*

At

Material Condition 1000C 3200C 500° C

Alleghany metal No. h Polish .13
Alleghany alloy No. 66 Polished .11
Aluminum Commercial Sheet .09

"t Polished .095
"it Rough Polish .16

Brass Polished .059
Carbon Rough Plate .77 .'17 .72
Carbon, graphitized " " .76 .75
Chromium Polished .075
Copper Polished .052 to .04
Copper - nickel Polished .- 59
Iron Dark Gray Surface .31
Iron Roughly Polished .27
Lampblack Rough Deposit .84 .•78
Molybdenum Polished .071
Nickel Polished .072
Nickel- silver Polis hed .135
Radiator Paint, white C'ean .79

" " I cream ".77
" , black ".84
" , bronze .51

Silver Polished .052 to .03
Stainless steel Polished .074
Steel Polished .066
Tin Polished .069
Tin Commercial Coat .084
Tungsten Polished Coat .ob6
zinc Commercial Coat .21
Fuzed quartz 1.96 mm. thick .775 .76
Covex D (glass) 3.40 mm.thick .83 .90 .91
Nonex (glass) 1.57 mm.thick .835 .87 .82
Aluminum paint .29

* (From Ref. 12)
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A.PPE,, C (Contd.)

TABLE 22

Properties of Water

c 4A k a x 10-8

Temp. Btu lb. Btu cu 1OF °C (lb.) ("F) (ft.) (hr.) (hr.) (ft.)(7F) -k (cu.ft.) (°F

32 0.0 1.009 4.33 0.327 13.4

40 4.4 1.005 3.75 0.332 11.3 0.3

50 10.0 1.002 3.17 0.338 9.4 1.0

60 15.6 1.000 2.71 0.344 7.9 1.7

70 21.1 0.998 2.37 0.349 6.8 2.3

8u 26.7 0.998 2.08 0.355 5.8 3.0

90 32.2 0.997 1.85 0.360 5.1 3.9

100 37.8 0.997 1.65 0.364 4.5 5.2

110 43.3 0.997 1.49 0.368 4.0 6.6

120 48.9 0.997 1.36 0.372 3.6 7.7

130 54.4 0.998 1.24 0.375 3.3 8.9

140 60.0 0.998 1.14 0.378 3.0 10.2

150 65.6 0.999 1.04 0.381 2.7 12.0

160 71.1 1.000 0.97 0.384 2.5 13.9

170 76.7 1.001 0.90 0.386 2.3 15.5

180 82.2 1.002 0.84 0.389 2.2 17.1

190 87.8 1,003 0.79 0.390 2.1

200 93.3 1.004 0.74 0.392 1.9

From: Ref. 11
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APPENDIX C (Contd.)

TABLE 23

Properties of Silicone Fluid -(DC550-112 Centistoke Grade)

c IA k a x 10-8

Temp. Btu lb. Btu lb. 1

OF 'C (lb.)(°F) (ft.)(hr.) (hr.)(ft.)(0 F) cu.ft. (cu.ft.)(°F)

6o 15.6 0.378 0.0783 67.0
80 26.7 0.386 0.0778 66.4

100 32.2 0.395 0.0773 65.9
120 37.8 0.405 132 0.0767 64.3 0.32
140 60.0 0.414 98.0 0.0761 64.8 0.43
16o 71.1 0.425 74.o 0.0755 64.2 0.59
180 82.2 0.437 57.0 0.0749 63.7 0.78
200 93.3 0.452 44.0 0.0742 63.2 0.99
220 lO4.4 0.470 36.0 0.0736 62.7 1.22
240 115.6 0.487 30.0 0.0729 62.2 1.45
260 126.7 0.501 25.5 0.0721 61.7 1.69
280 137.8 0.514  22.1 0.0714 61.2 1.94
300 148.9 0.523 19.6 0.0707 60.8 2.19
320 160.0 0.53). 17.3 0.0700 60.3 2.45
340 171.1 0.538 15.9 0.0692 59.8 2.72
360 182.2 0.544 14.3 0.0685 59.4 2.99

Flash point min. 3000C

Freezing point -500C

Coefficient of expansion, K x 1000/0C (25 to 1000C) .75

Dielectric strength 800 volts/mrl

Power factor at 250C

102 cps .00158

106 cps .00003

Dielectric constant at 250C at 102 and 106 cps 2.9

Color Slightly yellow

Courtesy, Dow Coming Corp.
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TABLE24

Properties of DC-70l Silicone Fluid

Color Clear water white

Viscosity at 2?C 10 centistokes

Freezing point -600C

Boiling point at atmospheric pressure 3400C

Flash point, min. 1430C

Specific gravity at 25C 1.04

Coefficient of expansion per 1000/'C, 00 -100 0 C .93

Dielectric strength, volts per mil 100

Dielectric constant at 25 0 C and 102 and 105 cps 2.63

Power factor at 250C

at 102 cps .0002

at 105 cps .0001

Courtesy - Dow Corning Corp.

182



U > . ..N C, 00 ,0 Oje. . . . . 0

o otln io o .N CCC , C

ooo 00 0 00 0 00 0

S.0000.000 .O......0

- - o- n. -N .4 N . . . ... 0 .

. * N OL , mlnn no ji

3

0 , *70• •

0 -

0 .0U °-Om t --000 A oQ000 Cio

-~s,• Comng orp

0- i 3-



APPENDIX C (Contd.)

TABLE 26

Properties of Mineral Oil (10-C Transformer Oil)

c 6 k a x 10-8

Temp. Btu lb. Btu 1
F 0C (lb.)(°F) (ft.)(hr.) (hr.)(ft.)(°F) (cu.ft.)(°F)

60 15.6 41.7 0.0785 1.00

80 26.7 h2.7 19.9 1.30

100 32.2 43.7 16.8 1.82

120 37.8 44.7 14.0 2.70

140 60.0 45.7 11.6 3.60

160 71.1 46.7 9.7 4.55

180 82.2 47.7 8.2 5.50

200 93.3 48.7 7.1 6.40

220 104.4 49.7 6.2 7.35

240 115.6 50.6 5.3 8.30

260 126.7 51.6 4.6 9.25

280 137.8 52.5 4.0 10.20

300 148.9 53.5 3.5 11.10

320 160.0 54.5 3.0 12.05

340 171.1 55.5 2.7 13.00

360 182.2 56.5 2.3

Flash point 13200

Fire point 149Cc

Dielectric strength (new oil) 300 volts/mil

Dielectric constant at 1 M.C. 2.22

From: Pender, H. & Del Mar, W. - Electrical Engineers' Handbook, 4th
Edition, 1951
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TABLE 27

Typical Properties of Perfluorocarbon Liquids

Identification
Number FCX-326 FCX-327 FCZ-328

Empirical C7F F, C8F1 6  C8 F1 5 CI
Formala

Molecular 350 400 416.5
Weight

Boiling 76 102 129
Point(0C.)

M.P. Glass Glass Glass

Index of 1.2762 1.2858 11.3170
Refraction (300) (300) (250)
Density 1.7999 1.893 1.869

(200) (20) (200)

Dielectric 1.69-1.70 1.75 2.03
Cons tant*

Power 0.0045- 0.0098- 0.0110-
Factor* 0.0005 0.0010 0.0008

Dielectric
Strength (2) 16,600 15,000 12,900
(Volts)

Direct Current 1 2  1 2

Res is tancq 5.2xlO1 .2xlO12 I.6xO1
(ohms/cm. ')

The following are the characteristics of Standard Transformer Oil:

Dielectric constant = 2.00 Power factor = 0.0053 - 0.0004
Resistivity - 1.1 x 1012 Dielectric strength = 1h,400

*From 100 cycles to 100 kc.

Notes: (from ref. 24) Method ASTM D 117-43, modified using 0.054" gap.

Courtesy, duiont
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TABLE 28

Typical Solubility Properties of Perfluorocarbon Liquids

FCX-326 FCX-327 FCX-328
(C7 Fl4) (C8F1 6 ) (C8F5cl)

Solubility (2)

(wt. % at 27 0 C)

CHCl 3  7 10 Misc.

cod 4  isc. 43(3) Misc.

CH Insol. 2.5 3.8

Ethyl acetate 15 13 Misc.

Acetone 10 9 42

Petroleum ether misc. Misc. misc.

Ethyl ether misc. Misc. Misc.

Benzene 3 4.6 21

0-dichloro- Insol. Insol. Insol.
benzene

Notes: (from ref. 24) Solubilities of less than 1.0% are reported
as "insoluble".

(At which point solution separated into two
substantially equal phases.)

Courtesy, duPont
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TABLE 29

Properties of Fluorochemical N-43

Formula (CF9)3sN

Physical state at room t3mperature Colorless liquid

Odor Odorless

Formula weight 671

Boiling point 177 0C (3510F)

Freezing ioint (Glass Point) -660 C (-870F)

Pour point -50 0 C (-580F)

Density 1.872
(g/cc at 250C, 77°F)

Viscosity 0 2.74
(Centistokes at 25 C, 77 F)

Refractive index (250C, 770 F) 1.2910

Surface tension
(dynes/cm at 250C, 770 F) 16.1

Coefficisnt of volume expansion
(per C) (25-hO0C, 77-104bF) 1.2 x 10-3

(14O-16o0 c, 284-320 °F) 2.1 x 10-3

Specific heat
(cal/g/°C at 25-hO0 C, 77 -104-F) 0.27

Heat of iporization
(cal/mole at b.p.) 11,100
(cal/g, Btu./lb) 16.5

Vapor pressure 0.3
(mm Hg at 250C, 770F)

Trouton raitio 24.6

Dielectric strength (ASTM-D 877) hO KV

Dielectric constant
(100 cps at 250C, 770 F) 1.86

Power fLctor
(100 cps at 250C, 770 F) <0.0005

Volume-resistivity
(ohm-cm at 250C, 77 0 F) lol - 101

Courtesy, Minnesota Mining & Mfg. Co.
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TABLE 30

Properties of Fluorochemical 0-75

Formula C3F 1 6 0

Physical s-ate at room temperature Colorless liquid

Odor Odorless

Forrmala wight 416

Boiling ,)int 1010C (214 0 F)

Freezing -oint (Glass point) -1130C (-171 0 F)

Pour Aint -l00OC (-lL6O0 F)

Density 1.760
(c/cO at 25'U, 77°F)

Viscosity 0.82
(centistokes at 25 0 C, 77 0 F)

Refractive adeý, (25 0 C, 770 F) 1.276

Surface tension
(dy.ne•,'cm •t 25°C, 77 0 F) 15.2

Coefficient of -Jlume exoansion
(--r °C) (2ý,-WuC, 77-10h°F) .L O'

(!hO-60 0 c, 104-176°F) L.0 x 10-3

Specific ' at
(cal/gC/C at 25-4O0 C, 77-1O04F) 0.26

Heat of aporization
(cal/i,-o)le at b.ý).) o,7iOtj

(cal/g) 2C.,)

Thermral •onductivi+-. TAquid
(BTU/hr / sq.ft /UF.ft.),25oC, 77 0 F) 3.o7ý

(6oCC, 14O0 F) I-..

Dielectric screr,:gtL (ASTM-D677) 37 IVJ,

Dielectrc cinstant
(10C cps "t 25 C, 770F) l.c53

Power : •ctor
(IOu cps at 25°0, 770 F) *O.OOO

Volume ist~ Aty
(onm-xm at 25°C, 770 F) l D l '

*vit ' LL . .t L .i' ,aZ,,Ai
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